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Biofilm formation has been recognised as an aggregation of bacterial cells surrounded 
by extracellular polymeric substances (EPS) which are secreted from the cells. 
Biofilm has a significant role in chronicity of infection and cells are recalcitrant to 
antibacterial agents when biofilm is formed on abiotic or biotic surfaces. Nontypeable 
Haemophilus influenzae (NTHi) has been investigated previously in terms of biofilm 
production ability. This study examined NTHi biofilm formation using a staining 
assay and relationship to pathogenicity, and an assessment of the spatial distribution 
of the chemical components by Fourier Transform Infrared (FTIR) spectroscopy.  
Firstly, a semi-quantitative microtitre plate (MTP) assay for NTHi biofilm formation 
was developed and validated for in vitro formation of biofilm. This assay was used to 
evaluate the effect of length of storage time on four fresh NTHi clinical isolates. 
Isolates were stored at -80Cº for two, four, eight, 12, 24 and 48 weeks before 
measuring biofilm production. Sixty clinical isolates of NTHi from different body 
sites were also screened for biofilm formation ability and relationship with the body 
site. FTIR microspectroscopy was applied to study NTHi biofilm formation and 
pathogenesis by generating FTIR spectra. FTIR spectroscopy coupled with imaging of 
the biofilm components were assessed for untreated biofilm, as well as the effect of 
antibiotic treatment on new biofilm formation and treatment of mature NTHi biofilm. 
The MTP showed consistent differences between the different NTHi isolates tested in 
first part of the project with these categorised as high and low biofilm producers. The 
MTP assay demonstrated that frozen storage of the isolates was not a determinant of 
biofilm formation. No statistically significant differences in the in vitro biofilm 
production were found across the clinical NTHi isolates from the nasopharynx 
(normal flora), ears (otitis media), lung (community acquired pneumonia and 
bronchiectasis in cystic fibrosis) or the isolates of Haemophilus haemolyticus 
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(oropharynx, normal flora). However, the isolates from eyes (conjunctivitis) 
demonstrated remarkably consistent low biofilm production compared to the isolates 
from other body site (P<0.005). In the second part of this project, FTIR spectroscopy 
was used to analyse the chemical constituents of the different biofilms. Unsupervised 
multivariate analysis (PCA) of the spectral data showed a chemical distinction 
between the two categories of biofilm formation (high and low). Analysis of 
microscopic IR hyperspectral data highlighted the spatial distribution of the different 
chemical components of the biofilm such as protein and carbohydrate. Analysis of 
antibiotic treated biofilm by FTIR showed an increase of protein bands in NTHi 
compared to standard Haemophilus influenzae isolate and untreated biofilm. 
This project provides detailed information about ability of formation, pathogenesis 
and chemical composition of biofilms produced by NTHi isolates. Spectral 
information, with the effect of antibiotic on mature and newly formed NTHi biofilms 
provides a spatial overview of chemical differences in the bacterial biofilm. 
Background. Chapter 1
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1.1. Biofilm 
1.1.1 Introduction 
Microorganisms alter themselves to adapt to the environment of any surface. These 
cells combine together, responding to chemical signals and substances that help to 
form the cells clusters (Costerton, et al., 1987 and Davies et al., 1998). Communities 
of microorganisms colonise surfaces by producing a matrix in between the cellular 
components. This bacterial community slowly forms a layer around itself to protect it 
from the outside environment enabling it to survive on any surfaces including hostile 
environments. It is well established that bacterial cells in a biofilm behave differently 
from planktonic bacterial cells (Stewart and Franklin, 2008).  A biofilm acts as a 
defence mechanism against chemicals and biochemical substances which otherwise 
would kill the microorganisms (Childs, 2008). The biofilm exhibits resistance to 
antibiotics, variation in nutrient utilisation and modification in the processes of 
expression of surfaces molecule (Hall-Stoodley and Stoodley, 2009). The following 
section will describe a biofilm, the involvement of various bacterial species with the 
capability to form biofilm on surfaces, and how to diagnose and treat biofilms.  
 
1.1.2 Definition 
A large community of bacterial cells does not itself constitute a biofilm. Micro-
colonies of bacteria on an agar plate are also referred to as a bacterial cell community. 
A biofilm is a highly hydrated cluster of bacterial cells that secretes a matrix which is 
known as extracellular polymeric substances (EPS) (Stewart and Franklin, 2008). This 
matrix allows adaptation of the bacterial cells within itself under stressful conditions 
to allow their survival.  
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The most characteristic feature of a biofilm, as compared to planktonic bacterial cells 
that are the free floating cells, is the matrix. EPS keep the bacterial cells embedded 
inside the biofilm and determines the architecture of the bacterial film (Beloin et al., 
2008). There are two main roles of EPS; providing the structure of the biofilm and 
offering a protective role. As it keeps the cellular components inside the biofilm away 
from any environmental and immune defence, this matrix also offers resistance 
against antibacterial agents (Beloin et al., 2008). It provides a viscous layer to the 
intracellular spaces between bacterial cells and offers channels for exchanging 
substances (metabolic substances and signalling chemicals) between cells. It acts as a 
barrier that prevents toxic material from diffusing inside the biofilm as well as 
preventing the leaking out of nutrients and signalling substances (Beloin et al., 2008). 
This feature allows a favourable environment for pathogenic bacteria to be maintained 
and, a persist- and this may contribute to chronic infection.  
 
The diversity of bacterial cells within a biofilm and the complexity of the chemical 
components both contribute to the difficulty of studying the matrix. The components 
of the matrix, at the present level of knowledge, are not fully understood. It is 
believed that 97% is composed of water with exopolysaccharide, proteins, lipids, 
phospholipids, nutrients, metabolites (Beloin et al., 2008) and extracellular DNA 
comprising the balance (Whitchurch et al., 2002). The constituents of this matrix have 
been investigated in biofilm studies, for example in Stoodley et al (2002) and Hall-
Stoodley et al (2006), in which the cell populations exhibited different behaviour 
inside the matrix regarding nutrients and antibiotic resistance compared to outside the 
matrix. These differences in behaviour within the biofilm matrix imply variations in 
surfaces molecules, antibiotic resistance and virulence factors (Jurcisek and Bakaletz, 
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2007). Many factors influence the constituents of the matrix. Extrinsic factors 
including the microenvironment surrounding the cell aggregates, flow velocity of 
fluid and variation of nutrients and oxygen level (Allison, 2003). Physiological status 
and genetic profile of the cells also have a great effect on matrix development 
(Sutherland, 2001). Although there are key constituents that are recognised as 
important structural elements of the biofilms of some microorganisms such as 
polysaccharides, colanic acid (exopolysaccharide naturally produced by some 
bacteria) and cellulose (Beloin et al., 2008). it seems that there is a need to further 
identify the constituents that play roles in EPS formation which will aid the discovery 
treatments against biofilms.    
Biofilms are able to form on any surface and their formation can be aided by many 
factors (Allison, 2003 and Beloin et al., 2008). Development of a biofilm on a surface 
involves many steps (Fig. 1). If it occurs in vitro, this will involve the nature of the 
surface and the flow velocity of the fluid that is in contact with the surfaces. There are 
several steps involved in the formation of a biofilm. Aggregation of cells, production 
of matrix, development of the EPS, maturation of the biofilm and dispersion of some 
cells from biofilm community are the stages of the biofilm development that have 
been  described (Musk Jr and Hergenrother, 2006). One or more stages in this biofilm 
development can be accelerated by some features of the bacterial species such as type 
IV pilus and flagellum in Vibrio cholera El Tor biofilm (Watnick,  
P. and Kolter, R. 1999). Aggregation stage of biofilm was observed in Pseudomonas 
aeruginosa wild type with microcolonies more than the mutant strains which is 
defective in type IV pilli (O’Toole, G. and Kolter, R. 1998). In addition a flagella-
mediated motility defective mutant was shown to be less cells attached on the surface 
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and suggested that motility and role of flagella has part in the initial cell-to-surface 
interaction (O’Toole, G. and Kolter, R. 1998).  
 
Figure 1. Stages of the formation of biofilm from freely planktonic cells to aggregates of cells 
surrounded by matrix and finally some cells shed from the community. Adapted from Musk Jr 
and Hergenrother (2006). 
 
 
Resistance to antibacterial agents is the main factor of significance regarding biofilms 
in infectious diseases. Many clinically important pathogens now are recognised to 
form biofilm such as Escherichia coli, Staphylococcus aureus and Pseudomonas 
aeruginosa (Bendouah, et al., 2006, Beloin, et al., 2008 and Hall-Stoodley & 
Stoodley, 2009). According to the National Institute of Health, biofilm is responsible 
for 80% of chronic infections in the human body (Childs, 2008).  Therefore, biofilm 
formation is significantly important in a clinical situation. Many researchers have 
investigated the occurrence of biofilm and the importance of its formation in vitro and 
in vivo. Numerous studies have focused on in vitro studies and biofilm poses 
significant danger to water supplies, the pharmaceutical industry and indwelling 
devices in a clinical setting. Biofilms can cause major problems and result in high 
morbidity, physical and emotional consequences for patients, and high costs for health 
care and the pharmaceutical industry (Mattila-Sandholm and Wirtanen, 1992, James, 
et al., 2008 and Childs, 2008).    
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1.1.3 Medically important bacteria that produce a biofilm 
Numbers of bacterial species have been investigated and studied intensively on 
genetic and pathogenic bases. These include Pseudomonas aeruginosa in cystic 
fibrosis (Bjarnsholt, et al., 2009); Escherichia coli in recurrent urinary tract infection 
caused by catheter biofilm (Beloin, et al., 2008); Staphylococcus aureus and 
epidermidis in chronic wound infection (Gjodsbol, et al., 2006); and in recent studies, 
Nontypeable Haemophilus influenzae (NTHi) that causes chronic otitis media in 
children and upper respiratory tract chronic infection in adults (Swords et al., 2004 
and Jurcisek et al., 2007).  
On a genetic basis, studies show that P. aeruginosa has distinctive features in biofilm 
cells different from planktonic cells. Studies have been conducted on how P. 
aeruginosa positively regulated alginate and negatively regulated flagellum in biofilm 
associated cells (Watnick and And Kolter, 2000). Flagella are responsible for 
adherence of bacteria to surfaces, and one bacterium is required to adhere in order to 
start to form biofilm. Alginate is involved in stabilizing the biofilm after formation. 
AlgC is a gene that is involved in the production of alginate. It has been shown in 
several studies that AlgC transcription increases within the biofilm cells about 
fourfold compared to planktonic cells (Watnick and And Kolter, 2000). Thus, in 
pulmonary isolates, P. aeruginosa shows mucoid due to overproduction of alginate 
(Hentzer, et al., 2001). Moreover, development of the flagellum is decreased as the 
flagellum is thought to destabilise biofilm after formation. Mucoid and non-mucoid 
biofilm formed by P. aerouginosa in cystic fibrosis have been extensively 
investigated with regard to the effect of innate immune response towards them. The 
flagella is absent in biofilm of mucoid P. aeruginosa frequently isolated from cystic 
fibrosis lung, therefore, expression of the flagellin receptor and other immune 
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response of neutrophils against biofilm is not established (Jensen et al., 2010). 
Polymorphonuclear neutrophils (PMNs) encounter non-mucoid biofilm in vitro and 
produce bactericidal concentration of lactoferrin (Jensen et al., 2010).  
 
Bacterial cells in biofilm communicate with each other by releasing chemical 
substances. Bacterial products that were released are recognised as quorum sensing 
(QS) chemical messengers which are mediated by genetic determinants such as LuxS 
for Autoinducer 2 (AI-2) signalling molecule in many different bacterial species 
(Waters, and Bassler, 2005). Quorum systems are believed to play an important role 
in the adhesion of the bacterial cells to biotic and abiotic surfaces and formation of 
biofilm for S. aureus (Yarwood, et al., 2003) and maturation of the biofilm (Beenken, 
et al., 2003, Armbruster, et al., 2009). In biofilm formed by Gram negative bacteria 
such as P. aerouginosa, QS occurs by substances such as acyl-homoserine lactones 
(acyl-HSLs) which promote the increase in density of biofilm (Stoodley, et al., 1999). 
Biofilm formed by P. aerougenosa, mutants that do not produce acyl-HSLs become 
loosely structured cells and are dispersed easily by detergents (Watnick and And 
Kolter, 2000). Also, QS can play a major role in protecting the biofilm from 
phagocytosis. It is found that P. aeruginosa produces certain signalling molecules 
such as (rhamnolipid B) which can kill neutrophils (Hall-Stoodley and Stoodley, 
2009)A study by Bjranshlot et al. (2005) shows that P. aeruginosa biofilms which are 
QS deficient (lasR rhlR mutant) or blocked by a QS inhibitory drug (C-30) are readily 
phagocytosed by the PMNs and become more susceptible to H2O2 produced by PMNs 
(Bjarnsholt et al., 2005). However, wild type biofilm is resistant and less vulnerable to 
PMNs by settle on top without penetrating the biofilm sub-layers. 
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Chronic diseases from biofilm infections are associated with interplay between the 
pathogen and the immune system. In cystic fibrosis, colonisation of P. aerouginosa 
occurs at a young age and is pathogenomic (Reid et al., 2007). It is also believed that 
persistence of P. aeruginosa infection and formation of the biofilm in cystic fibrosis 
patient's lungs is related to the level of iron in the lung tissues (Reid et al., 2007, 
Wiens, et al., 2014). P. aerouginosa has an efficient iron-mechanism which allows it 
to sequester iron from surrounding environment, and on iron-scavenging mechanisms 
for colonization. This may explain why the elevation of iron level in the infected lung 
has a major association with the P. aeruginosa colonisation. 
 
Most of the studies of biofilm have been conducted on limited models of bacteria and 
are based mainly on genetic analyses. Bacterial biological knowledge and the majority 
of antibiotics susceptibility tests are based on planktonic culture of bacteria in the 
laboratory for many species. It is an important consideration that genetic expression in 
bacterial cells within biofilm is different from that of the planktonic state. About 38% 
of E. coli genome expression is affected by biofilm formation (Beloin et al., 2008). It 
is also hypothesised that this difference in the gene expression is a consequence rather 
than a cause of biofilm (Beloin et al., 2008).  
 
 There is much evidence from clinical specimens and animal model studies that 
chronic otitis media (OM) occurs due to biofilm infection (Swords et al., 2004, 
Jurcisek et al., 2005 and Hong et al., 2007).  Nontypeable Haemophilus influenzae 
(NTHi) infection in the upper respiratory tract was identified to form a biofilm which 
is casually related to cause chronic infection in OM. This has been demonstrated 
using electron and confocal microscopy in the Chinchilla laniger model of OM (Hall-
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Stoodley and Stoodley, 2009).  However, an argument in the literature raises a point 
that the in vitro and in vivo NTHi biofilm is an unconfirmed hypothesis (Moxon et al., 
2008). Details will be discussed later in this chapter. 
 
1.1.4 Diagnosis and Control of Biofilm 
Microbiology has been developed over more than a century using many principle 
methods to identify bacteria in the laboratory. Diagnosis of a biofilm is different from 
identifying planktonic cells. To identify a biofilm from a clinical sample, it is 
important to study the microorganism that causes persistent infection. Researchers in 
the late nineties developed several phenotypic methods such as Christensen’s test-tube 
method (CTT) and the staining agar method to discover the ability of such bacterial 
isolates from clinical samples to form biofilm (Ruzicka et al., 2004). These methods 
have used dyes to stain biofilm grown overnight inside glass test tubes (Christensen et 
al., 1982). 
 
This method was then developed by Christensen and co-workers using the tissue 
culture microtitre plate (MTP) assay, with a staining method to provide quantitative 
measurement of biofilm (Christensen et al., 1985). These approaches are still used for 
detection of biofilm with other methods such as radiolabeling, microscopy and the 
Congo red agar plate test (Stepanović et al., 2007). Staining techniques methods such 
as the CTT method are focused on the degree of biofilm formation and not on the 
pathogenesis. These methods were developed earlier in the late nineties to examine 
the ability of the isolates to form biofilm. The MTP method is still the most frequently 
used assay for investigation of biofilm, with a number of modifications having been 
developed for the in vitro cultivation and quantification of bacterial biofilms. 
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Abiotic surface-associated biofilm have been highly investigated using microscopy 
for their structural and ultra-structural composition. Destructive and non-destructive 
methods have been used in recent years to investigate formation of biofilm on abiotic 
surfaces.  
 
Pharmaceutical manufacturers are most concerned about biofilm formation on 
surfaces such as nonpolar, hydrophobic surface (plastics) and hydrophilic surfaces 
(metal and glass). Water is a significant part of this manufacturing process and a lot of 
attention is directed to the water being sterile. Monitoring of water systems against 
biofilm development is also important to prevent harmful consequences (Janknecht 
and Melo, 2004). Online non-invasive monitoring of biofilm has been applied to 
laboratory, industrial and research fields. Janknecht and Melo (2004) outlined several 
methods for analysis and online monitoring of biofilm based on electrical field, 
radiation, acoustic waves or heat transfer measured using specific sensors. One recent 
method is spectroscopy where an infrared (IR) light source on the opposite side of a 
transparent window measured biofilm thickness (Janknecht and Melo, 2004, Serra et 
al., 2007, Holman et al., 2009).  
 
Microscopy is considered a powerful tool in the diagnosis of biofilm and for 
investigating structure-function analysis. It can provide details of the structure of 
biofilm as well as information about the organism that caused the biofilm. Studies 
using confocal microscopy have investigated the effect of mutation of a specific gene 
on the formation of less dense biofilm by showing the structure and number of dead 
and live cells (Bjarnsholt et al., 2005). The confocal image can also illustrate the 
contact of other cells such as PMNs with the aggregates of bacterial cells as difference 
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in green fluorescence signal intensity (Bjarnsholt et al., 2005). The advantage of using 
confocal microscopy with dead-live SYTO- stains is that it can differentiate the cells 
in a biofilm subpopulation. However, it is a destructive technique and demands an 
intense level of technical training unlike the IR vibrational spectroscopy which was 
recently suggested as a rapid screening method for biological diagnosis (Ellis and 
Goodacre, 2006). SYTO- stains using external probes interact with cells and may 
destroy samples removing any possibility of further investigation. For biofilm studies 
with discrimination between live-dead cells, Syto9 staining and confocal microscopy 
has been used for quantification of cells and for routine quantification of biofilm 
biomass (Peeter et al, 2008). Various other viability stains have been used to assess 
the metabolic activity of the viable cells such as 5-cyano-2,3-ditolyl tetrazolium 
chloride (CTC), 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium hydroxide (XTT) and dye 1,9-dimethyl 
methylene blue (DMMB) which have been used to quantify the biofilm matrices 
(Peeter et al, 2008). These staining methods were used after the approach of 
Christensen’s test tube and CTT staining for biofilm formation.  
 
For eradication of existing biofilms from devices or abiotic surfaces, specific 
strategies must be taken. Antibiotic intervention to treat chronic infection caused by 
biofilm has had some success in eradication of biofilm and planktonic cells that are 
shed from the aggregates. However, there have been different degrees of success for 
antibiotic treatment which are dependent on the status of the biofilm and the type of 
microorganism that forms the biofilm (Hall-Stoodley and Stoodley, 2009).  Both 
clinical isolates and abiotic biofilms have been extensively studied.  
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Bacterial biofilms formed in catheter devices tend to be a continuous source of 
infection and require urgent treatment. Locking of a catheter with an antibacterial 
agent is often used to remove and prevent reformation of biofilm (Balestrino et al., 
2009). In vitro studies have shown that 60% ethanol has a superior activity to 
eradicate biofilm embedded in a silicone catheter than 46.7% trisodium citrate (TSC) 
(Balestrino et al., 2009). This study was conducted on biofilm in a silicon catheter that 
was formed by either P. aerouginosa, Staphylococcus aureus, Staphylococcus 
epidermidis, Klebsiella pneumonia or Candida albicans (Balestrino et al., 2009).  
 
Biofilm related to various chronic infections such as chronic lung infection in cystic 
fibrosis are acknowledged as hard to be eradicated by antibiotic treatment and this is 
very serious clinical issue (Donlan and Costerton, 2002).  Bacterial species such 
as P. aeruginosa, H. influenzae, S. pneumoniae and S. aureus resist antibiotic 
treatment when they form biofilm even if they do not have a genetic basis for 
resistance (Suci, et al., 1994, Souli and Giamarellou, 1998, Zhang and Mah, 2008, 
Hall-Stoodley and Stoodley, 2009, Sword, et al., 2012).  
The resistance to antimicrobial agents in biofilm is multifactorial. Biofilm formation 
involves various stages of cell growth and subpopulations of bacteria converting to a 
resistant state (Patel, 2005). The subpopulations of cells contain both active and 
inactive cells. The variation in nutrients, slow growth cells and metabolic state of 
these cells may reduce the effectiveness of antibiotics (Donlan, 2000, Walters, et al., 
2003). Mature biofilm has cells that are less activated and this attributes to less 
antibiotic susceptibility as conventional antibiotics are not as effective for the cells in 
stationary phase. When the biofilm is only hours old, bacterial cells become active 
and divide in a fast manner which allows antibiotics to act on cell targets more 
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effectively. With regard to the cells located on the superficial layer of the biofilm, 
antibiotics can come into contact with them, killing or altering the cells that have a 
greater metabolic rate than the deep layer subpopulation which has less metabolic 
activity. Furthermore, the biofilm provides a physical barrier thereby protecting the 
cells within (Patel, 2005). Some chemical metabolites released from biofilm cells may 
inactivate antibiotics (Patel, 2005). Altered metabolic function in biofilm is 
sometimes related to the signals between subpopulation cells within the biofilm 
matrix which decrease the efficiency of treatment agents (Patel, 2005). 
 
Planktonic bacteria are sensitive to traditional antibiotic treatment but these same 
organisms when growing in a biofilm can survive antibiotic treatment. Medically 
significant biofilms such as P. aeruginosa biofilm leading to chronic lung infection 
has restricted treatment with antibiotics. Older antibiotic compounds, such as 
aminoglycosides, tetracycline and chloramphenicol are re-emerging as important 
alternatives for the treatment of infections and are more effective than the most used 
old synthetic antibiotics such as ampicillin, streptomycin for biofilm eradication 
(Liaqat et al., 2009). An in vitro study demonstrated that chloramphenicol is more 
effective than tetracycline in inhibiting biofilm formation of five selected isolates 
(Klebsiella sp., Pseudomonas aeruginosa, Achromobacter sp., Klebsiella 
pneumoniae, and Bacillus pumilis) on abiotic surfaces (Liaqat et al., 2009). 
Furthermore, in recent studies, the combination of antibiotic and bacteriophage has 
been suggested for biofilm control (Sawhney and Berry, 2009). This new approach is 
believed to reduce the viscosity of EPS of the biofilm which leads to destruction of 
the biofilm. Destruction of the matrix by genetically engineered bacteriophage assists 
the removal of surrounding matrix and enhances the function of antibiotics (Sawhney 
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and Berry, 2009). Thus, further understanding of biofilm matrix and inner substances 
such as expressed proteins has the potential for controlling biofilm and for treatment 
of chronic infection.   
 
1.1.5 Static method and continuous flow in vitro biofilm models 
Biofilm studies have been conducted using in vitro models for several applications. 
The growth and analysis of biofilm has been performed by using static and flow 
chamber that enhances the growth by providing a favourable environment for biofilm 
formation. Biofilm grows in the flow chamber under hydrodynamic conditions that 
can be easily controlled and changed (Tolker-Nielsen and Sternberg, 2011).   The 
flow in the chamber is a continuous flow model used to grow the biofilm under 
controlled conditions. It also allows addition of antibiotics at defined time points 
(Tolker-Nielsen and Sternberg, 2011). Essentially, biofilm is grown over a period of 
days and may be analysed by inspecting changes in the aggregate over time using 
various methods such as microscopy.  
 
The flow chamber apparatus consists of many parts that provide appropriate 
conditions for growing biofilm. These parts function for inoculation of the flow 
chamber, running the system and disassembly and cleaning of the flow chambers 
(Tolker-Nielsen and Sternberg, 2011). The apparatus consists of a flow chamber, 
bubble trap, medium bottle, peristaltic pump, a waste container, tubing and various 
connectors. Inoculation of the microorganism occurs by inserting a syringe needle 
into the tubing close to the flow chamber inlet then resealing the tubing by silicone 
and resuming the medium flow (Tolker-Nielsen and Sternberg, 2011, Crusz, et al., 
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2012) (Fig. 2). The system supports microscopic analyses by containing a glued cover 
slip within the channels.   
 
  
 
Figure 2. Flow chamber system: A medium bottle; B peristaltic pump; C bubble trap; D flow 
chamber; E waste container. Adapted from Tolker-Nielsen and Strenbrg (2011). 
 
This system may run for several weeks. Maturation of the biofilm takes place within 3 
to 7 days. Sterilisation and assembly of the system can take 1 or 2 days (Tolker-
Nielsen and Sternberg, 2011). By contrast, the static biofilm formation assay allows 
the growing of biofilm over short time periods (mainly 4-48 h) depend on the growth 
of the organism and investigation of adhesion, aggregation and mature biofilm in a 
static manner. MTP assay is the most common static assay used to grow biofilm (Fig. 
3). These assays were found to be easier to set up, cheap and suitable to investigate 
the in-situ characteristics by staining methods in a short time (Stepanović et al., 
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2007). Thus, the static assay is a useful tool to investigate the biofilm formation 
ability and analysis of other aspects of  biofilm analysis in vitro. 
 
 
Figure. 3 Microtitre plate assay used with crystal violet to study biofilm formation in static 
methods. Darker wells indicate growth of biofilm indicated by retention of crystal violet stain. 
 
 
 
1.1.6 H. influenzae biofilm 
H. influenzae is a Gram negative bacterium and is considered as a part of the normal 
nasopharyngeal and upper airways flora in most healthy humans. Major studies in the 
last two decades have focused on H. influenzae serotype b which is an invasive type 
pathogen for respiratory tract infection in children (Erwin and Smith, 2007). In 1990, 
type b polysaccharide-protein conjugated vaccine was introduced to the world leading 
to eradication of the invasive type of H. influenzae in most developed countries 
(Erwin and Smith, 2007). After the eradication of the invasive type, most 
asymptomatic colonisation is from the H. influenzae serotype that lacks capsular 
polysaccharide and is known as Nontypeable H. influenzae (NTHi) (Erwin and Smith, 
2007) and (Swords et al., 2004). H. influenzae species require β-nicotinamide adenine 
dinucleotide and heme for growth in the laboratory.  NTHi acquires heme from 
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haemoglobin complex which is facilitated by two to four hpg genes possessed within 
NTHi (Erwin and Smith, 2007). Therefore, a specific mutated NTHi 86-028NP which 
lacks three hpg genes which can delay the onset of infection to the middle ear (Erwin 
and Smith, 2007). Hence, not all strains of H. influenzae are equally virulent and 
resistant to host immunity.  
 
The persistence of H. influenzae in host epithelial tissue such as the respiratory tract is 
thought to be due to many bacterial factors. Adhesion of bacteria to host is based on 
the cell wall composition and structures such as pilli, proteins and 
lipooligosaccharides (LOS) (Swords et al., 2004). LOS is a low molecular weight 
bacterial lipopolysaccharide (LPS) which lacks the O-specific chain. LOS analogues 
of LPS play an important role in pathogenesis and are released in vivo as endotoxins 
for Haemophilus species (Kilár et al., 2013). In many H. influenzae strains, LOS 
contain N-acetyl-neuraminic acid (NeuAc) which is added to acceptor LOS (Swords 
et al., 2004). NeuAc is added by a cystidine monophosphate carrier to H. influenzae 
by CMP-NeuAc synthase. The oligosaccharide portion is linked by at least three 
sialyltransferases (Swords et al., 2004). H. influenzae acquires NeuAc from the 
surrounding environment and results in sialylation of LOS. Some studies have shown 
that 23 NTHi strains are able to sialylate LOS (Swords et al., 2004). Furthermore, 
NTHi strains obtain silicic acid from the host in the first stage of the infection and the 
process of sialylation is a major requirement for the persistence of the infection in the 
chinchilla model (in vivo) (Bouchet et al., 2003). Therefore, sialylation of LOS in the 
NTHi cell wall promotes long duration of infection to the host. 
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 In several studies it has been stated that sialylated LOS of NTHi is involved in the 
long duration of infection as well as in biofilm formation. Swords’ group, by an in 
vitro model using silicone tubing, demonstrated by electron microscopy that 
sialylation of LOS promoted biofilm formation by NTHi (Swords et al., 2004). 
Sialylation of LOS also contributed to the persistence of NTHi infection in vivo using 
a rat pulmonary challenge model system and a Mongolian gerbil otitis model (Swords 
et al., 2004). It is believed that sialylation affords resistance in NTHi to the host’s 
immune system. Immunoflurecent labelling of biofilm from the middle ear of the 
chinchilla model demonstrated sialylation of LOS and the duration of the biofilm 
formation by NTHi made no difference to immature or mature biofilm (Jurcisek and 
Bakaletz, 2007). Immunolabeling for LOS within NTHi biofilm was also investigated 
in vitro by Webster et al. (2006) which confirmed that LOS was secreted by the 
bacteria.  LOS was found to be accumulated in the biofilm matrix at the base of the 
film which suggests that it may play an important role in initial attachment of the 
bacteria on the substrate as well as maintaining biofilm architecture (Webster et al., 
2006). In addition, NTHi biofilm formed in vivo contained type IV pillin protein and 
double stranded DNA. Double stranded DNA (dsDNA) was assumed to provide 
stability to the NTHi biofilm in the middle ear and formed a dense meshwork of 
strands that span water channels (Jurcisek and Bakaletz, 2007). The presence of DNA 
in the biofilm matrix has been noted to be an important part of biofilm development 
for many other bacteria and it appears to be important in NTHi biofilm. In a study of 
NTHi biofilm in vivo and in vitro, it was thought that NTHi biofilm contained an 
amount of dsDNA which is believed to be excreted during stages of biofilm formation 
and is sourced from the NTHi cells. The same study confirmed that DNA presented in 
the EPS of NTHi biofilm is also found with in vitro experiment, thus its source is 
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from the genetic transcription of the NTHi cells themselves as part of phenotypic 
changes  towards the sessile form (Jurcisek and Bakaletz, 2007).  
 
Despite literature that shows the ability of NTHi to form a biofilm in vivo as well as in 
vitro, Moxon and colleagues believed that this evidence is inconclusive (Moxon et al., 
2008). The main doubt was the matrix of the biofilm. They suggested that the 
bacterial component is a result of bacterial cell lysis not specific for biofilm-
phenotypic gene (Moxon et al., 2008). Moxon et al. (2008) doubted that the formation 
of NTHi biofilm matrix and component could be entirely or partly formed from the 
host cells.  
 
The presence of exopolysaccharide or polysaccharides and proteins in the matrix are 
suggested to be the major components of biofilm. These components vary greatly 
depending on the growth conditions, the medium and nutrients and on the growth 
stage of the bacterial cells and maturity of the biofilm (López et al., 2010). As 
production of biofilm is a staged process thought to occur as a result of many factors, 
bacterial cell metabolites and components contribute to the biofilm formation process 
(López et al., 2010). Mechanisms of bacterial processes to form biofilm are reliant on 
strain attributes and the surrounding environment (López et al., 2010). NTHi biofilm 
is understood to be formed as a consequence of aggregation, colonisation of bacterial 
cells and modifications of the metabolic process within the bacterial cell aggregates in 
vitro and in attachment with host material as well (Jurcisek and Bakaletz, 2007, 
Swords et al., 2004, Langereis and Hermans, 2013). There is still insufficient 
knowledge about the NTHi biofilm components (proteins, polysaccharides and DNA) 
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and the contribution of these components to the formation of robust biofilm on 
endoepithelial tissues or in vitro.  
 
One of the main characteristics of bacterial biofilm is its resistance to antibiotics. 
Therefore, NTHi biofilm in in vitro models is hard to remove with antibiotics. 
Administration of antibiotics in middle ear infection of an animal model for 96 h to 
120 h showed that after treatment no biofilm appeared (Post, 2001). It is thought that 
eradication of NTHi biofilm may be achieved by mechanical or enzymatic disruption 
of the intercellular ability to form biofilm (Izano, et al., 2009). This suggests that the 
matrix is the main component in NTHi biofilm which plays an important role as a 
protective layer and in mediated resistance to antibiotic. 
 
Electron microscopy and confocal scanning microscopy have been used to give 
information about the exopolysaccharide matrix but have not provided details of 
chemical components of the matrix to highlight that the film is formed by NTHi cells 
themselves (Moxon et al., 2008). Thus, NTHi chronic infection of the middle ear need 
more investigations to understand the possible formation of biofilm and analysis of 
the chemical composition of its EPS. 
 
Crystal violet (CV) is a cationic dye that binds to bacterial cell walls. That is used to 
bacterial Gram stain. The use of CV dye on NTHi in vitro biofilm has been indicated 
in many studies. CV assay for biofilm is a widely used method to detect the biofilm 
that formed by Gram negative bacteria. It was questionable whether the CV assay 
predicts NTHi biofilm behaviour in vivo precisely (Moxon et al., 2008). In vivo, 
bacterial cells indeed are exposed to host immune action that is believed to affect 
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biofilm formation by NTHi. The evidence stated in previous studies is mainly based 
on ultra-structural part of in vivo and in vitro NTHi biofilm and thus observations are 
subjected to the nature of the microscopy which has been used (Moxon et al., 2008).  
This does not provide accurate details of NTHi biofilm and gives no indication of the 
pathogenesis of the formation of biofilm by NTHi. 
 
A mass spectrometry study of in vitro formed NTHi biofilm in a flow chamber 
showed high molecular weight glycoforms in the bacterial cells attached to biofilm, as 
compared with planktonic cells (Moxon et al., 2008). Also, the role of sialylation of 
LOS has been stated by using evidence from a mutated NTHi strain. In sialylation-
deficient mutants, LOS of the biofilm decreased in ability and elaborated the role of 
sialylation in biofilm formation (Swords et al., 2004). On the other hand, Moxon's 
group believed that sialylation of LOS has an important role in resistance to host 
clearance and does not invoke biofilm for this resistance (Moxon et al., 2008). In a 
review, Swords (2012) stated some evidences that there is a relationship between 
NTHi and biofilm in chronic disease.  
 
Regarding clinical evidence, the last 15 years show there is a number of persistent 
infections that implicate biofilm and are caused by H. influenzae (Table 1.1). A range 
of patients with chronic infections where NTHi was confirmed as the causative agent 
using molecular methods, tested negative by conventional culture methods. For 
example, studies of OM infection showed that NTHi and other bacteria were detected 
using PCR-based methods (Post et al., 1996, Bakaletz et al., 1998, Kunthalert et al., 
2013). Other evidence is that clinical NTHi isolates from patients are resistant to 
Background. Chapter 1 
36 
 
antibiotics. NTHi biofilms have showed some resistance/tolerance to a range of 
antibiotics (Slinger et al., 2006).  
 
Table 1.1 Clinical isolates show evidence in the relationship between H. influenzae biofilm 
and chronic airway diseases, adapted from Swords, W. (2012).  
 
Body site Finding 
 
Otitis media 
 
-Bacteria and bacterial components present in culture-negative 
effusion fluids 
-Bacterial RNA found in culture-negative effusion fluids 
- H. influenzae biofilms in middle-ear chamber of experimentally 
infected chinchillas 
- H. influenzae surface-attached communities in patient tissues 
 
Chronic bronchitis -Long-term persistence as evidenced by recurrent sputum cultures 
-Expression of peroxiredoxins levels similar to those observed in 
biofilm 
 
Rhino sinusitis H. influenzae surface-attached communities in patient tissues 
 
Surface components of NTHi bacteria may contribute to the biofilm formation process 
as mentioned earlier in this review. Sialylation of the bacterial surface, expression of 
type IV pili and nuclear DNA protein are all factors that play a role in stabilising 
biofilm formation (Jurcisedk and Bakaletz, 2007), and determined as evidence of the 
relationship between chronicity of the infection and biofilm (Post, 2001, Hall-
Stoodley et al., 2006). Strains that lack these factors and one of the QS responsible 
genes failed to form biofilm, or they formed biofilm that was susceptible to antibiotics 
and immune system eradication.  
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In conclusion, several studies provide evidence that NTHi forms biofilm. On the other 
hand, others argue the evidence is insufficient to demonstrate in vivo NTHi biofilm 
formation. Indeed, it seems too early to conclude definitively that NTHi forms biofilm 
which has a relationship with chronic disease. 
 
1.1.7 Antibiofilm studies by static assays 
Microtitre plate (MTP) assay has been used successfully to study the effect of 
antibiotics and antibiofilm agents on biofilm in static manner and evaluate biofilm 
production by NTHi strains (Kaji et al., 2008, Wang et al., 2009). The MTP assay 
method is readily adapted for diagnostics and research for in vitro biofilm models and 
can be efficiently developed (Harrison et al., 2010). It is a simple, unsophisticated and 
well established in vitro method used to obtain information about antibiotic 
susceptibility of biofilm formed by several species such as Klebsiella pneumoniae 
(Anderl et al., 2000, Anderl et al., 2003). The morphology of biofilm formed inside 
the wells is similar to the NTHi biofilm formed in flow cells and is a useful tool for 
antibiotic analysis (Webster et al., 2006). The biofilms grown after 20-24 h of 
incubation in the static MTP are more stable and resistant to washing than biofilm 
produced in a short incubation time (≈ 4  h) (Donlan and Costerton, 2002). 
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1.2 Vibrational Spectroscopy 
The study of molecular structure and chemical functional groups within a sample are 
essential for the understanding of the molecular features of the material. Vibrational 
spectroscopy is one of the analytical techniques that has developed constantly during 
the last century to investigate these features. Infrared (IR) and Raman spectroscopy 
are both vibrational spectroscopy methods for determination of molecular structure. 
Vibrational spectroscopy techniques contribute to the analysis of organic molecular 
structure and are useful for micro and surface analysis (Kellner, 1998). They also 
offer analysis of molecular systems by providing inherent information relating to 
functional groups; their kind, interactions and orientations of isomers from the 
fingerprint region (Kellner, 1998).  These two spectroscopic techniques facilitate non-
invasive analysis and can be used for labile compound, liquids, solids and gases as 
well as surfaces and interfaces between phases (Kellner, 1998). IR and Raman are 
complementary in regard to signal generation. IR spectra are obtained from infrared 
light absorption whereas Raman spectra are acquired from light scattering. Infrared 
and Raman spectroscopy are the most important tools to study and observe vibrational 
spectra (Schrader, 2008).  
 
1.2.1 IR Spectroscopy 
IR spectroscopy is a non-destructive technique for the analysis of chemical 
components in inorganic and organic materials. It has been developed for the analysis 
of organic and inorganic material in the past seventy years. IR has then been applied 
for the analysis of biological samples since 1951 and scientists have implemented this 
type of vibrational spectroscopy to analyse many aspects of biological samples 
(Wenning and Scherer, 2013). Traditional IR spectra are obtained by passing IR 
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electromagnetic radiation through the sample resulting in a transmission spectrum. 
The IR wavelength is scanned over a range of wavelengths and absorption of IR 
energy occurs at specific wavelength resulting in a spectral bands (Schrader, 2008). 
The vibrational mode of the molecule in a functional group after IR absorption could 
be one of stretching, deformation, bending or wavelength overlaps for the molecule 
(Ellis and Goodacre, 2006). Examples for the vibrational modes for H2O and CO2 
molecules are illustrated in Fig. 4. The simplest example for IR spectra is illustrated in 
Fig. 5 which show the peak from CO2 absorption of stretching and bending mode. 
 
 
Figure 4. (a) H2O molecule vibrational modes, stretching and bending, and (b) two CO2 
molecule visible vibrational modes, stretching and bending. Adapted from 
http://orgchem.colorado.edu/Spectroscopy/irtutor/IRtheory (2001). 
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Figure 5. IR spectra of CO2 molecule adapted from Anderson (2013). 
 
There are three most common techniques used for the IR spectroscopy: i) 
transmission, ii) transflection and iii) attenuated total reflection (ATR). The first two 
techniques require IR transmission sample supporter and non-reflective interference 
support with the measurement such as IR transparent substrate ZnSe or CaF2 
(Wenning et al., 2008, Naumann, 2006). The transmission mode of FTIR 
microspectroscopy is most applicable for cellular biological samples to obtain 
accurate spectral data acquisition (Baker et al., 2014). ATR measurements are 
performed with direct contact at high pressure on the sample and may be suitable only 
for solid or dehydrated liquid samples. This type of technique provides an in-situ 
measurement with the use of an internal reflection element (IRE) that is in direct 
contact with the test material.  	
1.2.1.1 The IR Spectra Ranges   
The electromagnetic spectrum of the IR region wavelength extends from 1,000 nm to 
1,000,000 nm (10,000 to 10 cm-1 wavenumber) including near-infrared (NIR), mid-
infrared (MIR) and far-infrared (Burgula et al., 2007). These IR spectrum regions are 
illustrated in Fig. 6.  
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Figure 6. Electromagnetic spectrum within three IR regions. Adapted from 
http://orgchem.colorado.edu/Spectroscopy/irtutor/IRtheory (2001) 
 
The biological material spectra extends within the region from 4000 to 400 cm-1 as the 
vibrations of specific functional groups related to biological structures are present 
within this region.  
 
1.2.1.2 Analytical Approaches of  FTIR spectroscopy 
Infrared spectrum is the IR frequency itself of the sample without any processing. The 
Fourier transform infrared (FTIR) is measurement of infrared spectra converted 
mathematically and processed using Fourier transformation which allows analysis of 
very specific frequencies. FTIR and Raman spectroscopy, when coupled with 
microscopy, is a promising analytical technique (Wenning and Scherer, 2013).  
 
 
1.2.1.3 Raman Spectroscopy 
Raman spectroscopy measures the polarisability of a molecule by light scattering 
technique that allows the use of standard optics so the whole spectrum can be 
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collected by excitation with fixed laser wavelength (Kellner, 1998). The light hits a 
molecule resulting in an elastic scattering process from the laser beam polarisation 
which does not change the vibrational state and the scattered photon will have the 
same energy as the original photon and is called Rayleigh scattering (Kellner, 1998). 
While in 1 to 10 million photons, the vibrational state is higher than the state of 
original and results in inelastic scattering giving information about the vibrational 
modes of the material. (Schrader, 2008). Therefore, molecular structure information 
can be obtained from vibrational spectra by both IR and Raman spectroscopy. 
 
1.2.1.4 Advantages and disadvantages of IR spectroscopy and Raman spectroscopy for biological 
samples  
 FTIR spectroscopy is a non-invasive and fast technique that does not require special 
staining methods and only requires minimal sample preparation (Ellis and Goodacre, 
2006, Maquelin et al., 2003). When combined with a microscopy setup, FTIR allows 
great spatial resolution by magnification with high numerical aperture which can 
identify subcellular components within a size of about 10 µm (Harz et al., 2009). In 
contrast to Raman spectroscopy, FTIR microscopy has high sensitivity to water in wet 
samples and the water peaks in the IR spectra can interfere with some biological 
characteristic peaks (Pätzold et al., 2006). Therefore, Raman microscopy could allow 
analysis of biological samples with fully hydrated conditions. 
 
Generally more spectral features are identifiable in Raman spectra than FTIR spectra. 
The spectra generated for excitation wavelengths near the infrared laser have more 
intense fluorescence emissions (Harz et al., 2009). However, for most biological 
sample near-IR lasers are usually better for fluorescence than visible lasers. Biological 
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sample with Raman scattering autofluorescence is a significant challenge from the 
Raman scattering signal in the acquired raw spectra (Zhao et al. 2007). 
 
In the past decade, FTIR and Raman spectroscopy have been used to provide spectral 
fingerprint based on chemical information and characterisation of (cell-) biological 
systems at the molecular level (Naumann, 2006). They can provide great information 
for both chemical compositions of cells with high spectral resolution. It also has a 
potential role in the identification of functional groups by initiating a chemical 
database for each cell phenotype.  
 
According to many studies reviewed by Harz et al. (2009), IR and Raman 
spectroscopy demonstrate significant potential in microbial cell classification. As a 
diagnostic tool, analysing bacterial strains has been established by the commercial 
sector using database such as River Diagnostic (www.river.co) (Harz et al., 2009). 
Generally, in vibrational spectroscopy, spectra of microbial cells have similar bands 
(Davis and Mauer, 2010, Alvarez-Ordóñez and Prieto, 2012). However, these bands 
quantitatively vary in the relative amounts of chemical component such as proteins 
and carbohydrates in the strains and species of different bacterial cells (Harz et al., 
2009) which is illustrated in Fig. 7. Many statistical evaluation methods have been 
previously established to measure the relative changes of the components within the 
microbial cells including the principle component analysis method (PCA) (Samek et 
al., 2009, Wang and Mizaikoff, 2008).    
 
FTIR and Raman spectroscopy have been shown to be complementary techniques as 
FTIR could produce holistic spectral information of complex biological samples or 
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sections of the sample and Raman could confirm the dominant bands. FTIR 
microscopes allow fast acquisition of spectra of small samples to be measured as 
quickly and easily, or possible faster, than Raman microspectroscopy (Griffiths, 
2009a).  
 
Figure 7. Spectra classifies the different bacterial species with different characteristic Raman 
and IR spectra with chemical fingerprints. Raman spectra (a) and FTIR spectra (b) of four 
microorganisms. Adapted from Maquelin et al. (2003). 
 
Interpretation of the FTIR spectra for microbial cells provides an understanding of 
cellular and substructural composition (Huang et al., 2004) (See Fig. 8). IR 
vibrational spectra reflect chemical composition which may give information on 
taxonomic differences, chemical changes during growth phase or a stressful 
Background. Chapter 1 
45 
 
environment (Alvarez-Ordóñez and Prieto, 2012, Trevisan et al., 2012). The 
vibrational bending and stretching modes of molecular bonds of functional groups for 
proteins, lipopolysaccharides, lipids and nucleic acids components vary from species 
to species (Burgula et al., 2007, Wenning et al., 2008) and FTIR spectroscopy can 
identify the characteristic spectra with the potential to be a diagnostic tool for specific 
species (Davis and Mauer, 2010). It also can give information about bacterial cellular 
structures and surface characterisation and classification of bacterial cells earlier than 
other techniques (Davis and Mauer, 2010). Chemical bonds presented in the IR 
biochemical cell fingerprint region (900-1800 cm⁻¹) provides chemical information 
for certain species of biological samples (Martin et al., 2010, Trevisan et al., 2012). 
Microbial IR spectra are complex and spectral pre-processing and pattern finding need 
to be performed to extract data. The pre-processed spectra may provide information 
on molecular interactions within a cell such as processes of metabolic change, cellular 
aging, quorum sensing, culture conditions and cell-drug interactions (Wenning et al., 
2008, Thi and Naumann, 2007, Alvarez-Ordonez et al., 2011).  
 
The application of bioanalytical FTIR spectroscopy and study of whole organism 
fingerprints has now been around for a decade (Lu et al., 2011). There is considerable 
interest focused on applying vibrational spectroscopy, with further advances in 
sensitivity, selectivity, chemometric method and reductions in instrument cost which 
have led to the development of real-time analytical systems.    
 
As many bacteria are unculturable and the traditional culture-base method is not 
suitable for distinguishing some species, techniques based on vibrational spectroscopy 
have been developed for this purpose. Since many bacteria are difficult to grow in 
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conventional culturing methods and need special media and microbial functioning 
tests such as special staining methods, they cannot be studied by culture-base method 
(Huang et al., 2004). Various studies have been reviewed the achievements of high 
identification accuracy for microbial identification by Raman and IR spectroscopy 
(Maquelin et al., 2002, Ngo-Thi et al., 2003, Munchberg et al., 2015). There are many 
studies in the areas of environmental and industrial microbiology which have explored 
unculturable organisms with the objective of interpreting molecular information and 
correlating this information with bacterial composition (Kumar et al., 2015). For 
uncategorised bacteria identification, use of spectroscopic techniques are still 
challenging and require a well- established biomolecular database acquired from 
previously studied cultivable microbes to be used as a references for unculturable 
organisms (Kumar et al., 2015).  
 
 
Figure 8. IR spectra for different microorganisms with characteristics absorption bands for 
each species adapted from Wenning et al. (2008). 
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Smears of cells and harvested colonies from microbiological samples can be measured 
by spectroscopy with less than 6 h incubation to give rapid and direct identification 
(Maquelin et al., 2003, Wenning et al., 2008). Therefore, there is a need to improve 
diagnostic techniques in general using various techniques such as spectroscopy that 
provide information and discrimination to microorganism in-situ and in their 
environment. 
 
1.2.2 Application of FTIR to study the effects of antibiotics on bacterial cells 
Generating chemical fingerprint for single-cells could be an approach to widen the 
knowledge in bacterial species and for identification in situ (Naumann, 2006) (Martin 
et al., 2010). FTIR spectroscopy is believed to have the ability to provide a non-
destructive and non-invasive spectroscopic technique for the analysis and provision of 
phenotypic classification for bacterial cells (Davis and Mauer, 2010).  This 
application has great potential for food and pharmaceutical microbiology by studying 
differences in physiology within a single species (Naumann, 2006).  
 
Metabolic changes which occur by external or internal effects on bacterial cells can be 
detected by observing FTIR spectra changes and also offer insights into the antibiotic 
effects on a bacterial cell (Maquelin et al., 2002, Sockalingum et al., 1997). Suci et al. 
group (1994) studied the effect of ciprofloxacin on bacterial growth and biofilm 
formation using ATR-FTIR spectroscopy and demonstrated this technique as a good 
approach to study the effects of antibiotics on bacterial cells. The interaction of the 
antibacterial drug with its target within the cell can be monitored by small changes in 
spectral features. 
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1.2.21 Sampling methods for the microbial chemical identification and spectral acquisition by 
FTIR spectroscopy 
Microbiological samples should be handled carefully before acquisition of the IR 
spectra to avoid inconsistency of the IR spectra due to variable growth and sampling 
differences (Naumann, 2006). Solid samples or liquid suspension can be used and 
growth conditions of the microorganisms must be optimised to obtain consistent IR 
acquisition. Growth conditions of the cultures prior to IR measurement can influence 
the chemical composition. Major changes in chemical composition and therefore 
spectra can be  influenced by the culture conditions and may impact on the quality and 
characteristics of the peaks (Maquelin et al., 2002, Naumann, 2006). Culturing 
conditions such as temperature, culture media and incubation time are all factors that 
influence the microbial cell’s growth and these factors should be standardised to 
reduce the influence on spectra prior the FTIR spectral acquisition. Incubation time is 
also an important determinant of heterogeneity of the molecular and metabolic 
composition of the microbial cells (Maquelin et al., 2002, Maquelin et al., 2003, 
Wenning et al., 2008). For example, solid microcolonies of S. aureus, E. coli and C. 
albicans grown on culture plate exhibited active molecular and metabolic processes in 
a stationary phase. There is less variability of the metabolic composition such as 
glycogen levels during early stages of culture time for the microcolony (6 or 8 h) 
(Choo-Smith et al., 2001).  
 
Two methods have been used for preparation of microbiological samples for FTIR 
and Raman spectroscopy. The microbial colonies can be collected directly from the 
solid culture media and transferred onto substrate. The solid sample slice can then be 
mounted on infrared transparent disc such as ZnSe or CaF2 with a certain diameter 
and thickness suitable for the sample investigation (Naumann, 2006). One sampling 
Background. Chapter 1 
49 
 
method called special stamping devices has been used by spotting bacterial colonies 
onto microarrays and transferring the colonies onto IR crystal (Mossoba et al., 2005). 
The other method is to prepare the sample from liquid nutrient media which requires 
drying of the aqueous solution to avoid FTIR sensitivity to aqueous media. The liquid 
media can be prepared from standardised number of colony forming units (CFU) 
which contain a few hundred cells and dried to produce a thin film on the transparent 
slides that are applicable for IR analysis. Other samples can be applied directly 
without growth such as saliva or blood to detect pathological changes within these 
samples (Baker et al., 2014). These sampling methods permit the detection, 
identification, analysis and differentiation of the microbiological materials within one 
working day. Development in these sampling methods for FTIR spectroscopy offers 
great potential for rapid diagnostic microbiology.  
 
1.2.3 FTIR microspectroscopy 
The sample using the FTIR microscope can be viewed using binoculars or a digital 
image through a video camera. This allows optimisation of the position of the sample, 
the aperture, and supports mapping of the sample through the use of a motorised 
sample stage. Immersion optics are almost never used for IR spectroscopy because it 
has IR absorption (Griffiths, 2009b).  
 
1.2.3.1 Hyperspectral images and spectral dataset by FTIR microspectroscopy 
Vibrational microspectroscopy can be accomplished in two ways; mapping or 
imaging. Both are now described in turn. Mapping involves measurement of regions 
on the samples that are defined by an aperture which are then arranged sequentially in 
the xy plane. The sequential map measurement is achieved by moving each region of 
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the sample into the beam focus of the microscope after measuring the spectrum from 
previous region. The aperture size will depend on the sample features but generally 
range from 5-150 µm. The lower end of the aperture size is limited by the light 
diffraction (d) and for IR microscopy d approximately equals λ (light wavelength). In 
a typical IR spectrum ranging from 4000-800 cm-1 λ = 2.5-25.5 µm. Sensitive liquid 
nitrogen cooled mercury cadmium telluride (MCT) detectors are used for mapping 
measurements. The resulting map is called a hyperspectral map where each pixel 
contains the information of the IR spectrum which then can be used for highly 
specific chemical fingerprinting (Wenning and Scherer, 2013). Hyperspectral 
mapping can also be obtained by Raman spectroscopy which is a light scattering 
technique. Imaging requires an area of the sample to be focused onto an array detector 
to produce a hyperspectral image. Like sequential mapping, each pixel of the 
hyperspectral images contains the IR spectral information. To visualise these data sets 
a false colour map can be produced to highlight certain spectral features. An example 
of an IR image using a heat map colours to highlight specific spectral integration 
areas of a biological sample is illustrated in Fig. 9. 
 
 
 
 
Figure 9. IR hyperspectral image for biological sample by FPA (a) amide I integration band 
area image; (b) & (c) carbohydrate band area. Adopted from  Reeder et al. (1999). 
(a) (b) (c) 
1 mm 1 mm 1 mm 
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FPA detectors are employed to cover pixel array between 16×16 and 128×128 pixels 
and are highly sensitive which provide faster scan ability. Each grid position of FPA 
detector displays an IR spectrum corresponding to the sample (see Fig. 9). The 
microscope optics and the geometry of the FPA usually predetermine the pixel size 
and is usually around 2.7 x 2.7 µm. The hyperspectral data can then be displayed as a 
false colour grid which is constructed based on the IR intensity and ratios of the 
functional group distribution. The example in Fig. 10 shows the protein amide I band 
integration.  
 
 
Figure 10. Focal plane array imaging that show multiple grids where each grid presents a 
spectrum. Adopted from Bunaciu et al. (2014). 
 
 
Background. Chapter 1 
52 
 
Transmission and reflectance are two modes used for FTIR microspectroscopy 
(Wenning and Scherer, 2013, Alvarez-Ordóñez and Prieto, 2012). The development 
of detectors has resulted in improved signal-to-noise ratio to produce high quality 
spectral data and along with improved computational analysis of the spectra, the data 
can be used to distinguish features of microbiological samples (Wenning et al., 2008). 
FTIR microspectroscopy is believed to be more informative than conventional FTIR 
spectroscopy (Wenning et al., 2008). For identification of microorganisms, FTIR 
microspectroscopy has some advantages over conventional spectroscopy by allowing 
identification of microbe cells at the strain level with short incubation time and rapid 
discrimination of mixed samples (Ngo-Thi et al., 2003, Wenning et al., 2008). Sandet 
group (2006) used FTIR microspectroscopy to map microcolonies and claimed that 
Gram positives were classified with 100% accuracy and Gram negative with 80% 
accuracy.  FTIR mapping and analysis of mixed cultures is developing toward 
accurate identification and classification of the microorganisms with a fully 
automated IR microscopic system (Wenning et al., 2008). However, it is a new 
avenue for rapid identification in microbiological applications. FTIR spectroscopic 
imaging also allows the analysis of chemical components spatial distribution in the 
biological samples such as bacterial biofilm. This is a promising tool in studying the 
chemical heterogeneity across small sizes samples range from mm to µm.  
 
1.2.3.2 Spectral pre-processing and multivariate analysis for the hyperspectral image 
The analysis of FTIR spectroscopic data of biological compounds is not 
straightforward as the complexity of the data has a major effect on analysing and 
resolving specific spectra. There is significant overlap in infrared absorption peaks of 
the different molecular functional groups in biological samples. The hyperspectral 
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images result in large spectral data sets with a clear need for tools to identify spectral 
features and to be able to extract interpretable information.  Spectral pre-processing of 
the hyperspectral data is a great way to resolve overlapping peaks and second 
derivatives are the commonly used for spectral analysis (Baker et al., 2014). Second 
derivatives allow more specific identification of small overlapped absorption peaks 
that are not easily determined in original spectrum. Therefore, second derivatives 
offer means to increase the specificity of absorption peaks for certain molecules of the 
sample. On one hand, the second derivative offers a practical and more specific 
method for spectral analysis methods with FTIR imaging of biological samples 
(Rieppo et al., 2012), but on the other hand it has the disadvantage that it can cause a 
significant loss in the signal-to-noise ratio. Consequently there is a need for high 
quality FTIR spectroscopic data. Many previous FTIR spectral data were not useful 
for image analysis due to poor signal-to-noise ratio (Mark and Workman Jr, 2003). 
Increasing both the spectral quality and the signal-to-noise ratio have been recent 
technological developments. Data normalisation is also used for chemical imaging to 
reduce the influence of confounding factors such as variation in thickness of the 
sample, and to highlight differences in biochemical structure. Vector normalisation is 
often used for biological sample pre-processing and it is performed after 
differentiation of spectra (Baker et al., 2014). 
 
1.2.4.2.1 Principal Component Analysis (PCA)  
The most widely used method for multivariate analysis is principal component 
analysis (PCA). It involves decomposing the data matrix in order to detect and find a 
“pattern” or “hidden phenomena” (Esbensen et al., 2002). The largest variances 
within the data matrix are reduced by performing PCA, and main variances are 
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condensed to principle components (Wehrli et al., 2013). The number of principal 
components (PCs) needed to describe an image data set reflect the number of 
chemical constituents of the image and the pure spectra (de Juan et al., 2009). 
Statistically a principle component analysis deconstructs the data into Eigenvalues 
and Eigenvectors. The numbers of score values (Eigenvalues) are represented by false 
colour pixels providing information about the spatial distribution of chemical 
composition where pixels that have similar score values for a given PC are shown in 
the same colour. Score maps for PCs provide perception at which area of the image 
relates to the feature. 2-D scatter plots of the scores illustrate the variation of 
individual spectra without spatial information where the two chosen principal 
components are the x and y axis. A scatter plot produced using a combination of two 
PCs is shown in Fig. 11. 
 
Figure 11. Score plot shows two groups of second derivatives spectra represented as two 
colour dots (red and blue) within two dimensional axes (PC4 and PC2) adopted from 
Staniszewska-Selzak et al. (2015). 
 
Loading plots resulting from the PCA analysis (Eigenvectors) highlight the relevant 
spectral features that are responsible for the variation between the different 
measurement points (see Fig. 12).  
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Figure 12. Loading plot corresponding to the PC4 of Figure 10. This loading plot shows the 
spectral features clustered by the PCA. Adopted from Staniszewska-Selzak et al. (2015). 
 
 
1.2.3.2.2 Hierarchical Cluster Analysis (HCA) 
Hierarchical Cluster Analysis (HCA) is a powerful unsupervised method of data 
sorting. It is based on finding the smallest distances of difference between elements 
present in the spectral data in hyperspectral images. The distance between the spectra 
data, based on local decision criteria, is presented as a dendrogram (Diem et al., 
2009). The term distance may imply Euclidean or correlation coefficient. This HCA 
does not produce an image, but it shows pseudo-colour maps of the hyperspectral data 
collected from the sample (Diem et al., 2009). This HCA cluster map illustrates the 
clusters of the data according to the features identified similar to each other depending 
on distance of the differences. The dendrogram is used to show spectral distance 
differences and classify the groups into clusters. In microbiology, the HCA was used 
for identification and classification of bacterial species and strains level illustrated in 
Fig. 13. 
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Figure 13. Dendrogram from hierarchical cluster analysis of 46 bacterial strains identified by 
symbols at the right side of the graph. This HCA was calculated by first derivatives and cluster 
of the spectra based on chemical features of these strains. This dendrogram adopted from 
Wenning and Scherer (2013). 
 
1.2.4 Potential advantages of applying FTIR spectroscopy to biofilm 
Studying bacterial cells at different growth phases and metabolic changes by FTIR 
microspectroscopy enables the determination of changes in chemical compositions. 
These changes reflect fluctuations in bacterial metabolite and reveal the molecular 
basis of biofilm formation and give an understanding of the bacterial cellular 
aggregation mechanisms (Huang et al., 2010). Biofilm is a sessile bacterial 
aggregation on a surface and it can be heterogeneous or homogeneous in regards to 
bacterial cell species inclusion within one biofilm structure (Christensen et al., 1982). 
The main characteristics of this organic material in EPS is polysaccharides but also 
substantial amount of protein, nucleic acids and lipids as shown in Table 2.1.  
Development of biofilm and secretion of the EPS is viewed as a staged process that 
expresses metabolic changes, stress response and biological activities which generate 
chemical gradients (Watnick and And Kolter, 2000, Stewart and Franklin, 2008).  
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Studying bacterial biofilm using FTIR spectroscopy could provide information on the 
chemical composition of the biofilm and the effect of external factors on its 
composition. It may identify biomarkers for diagnostic or treatment purposes. This 
type of investigation will be undertaken within an exploratory framework which 
involves both pattern finding and investigating changes in biomolecules. 
 
 
Table 2.1 Chemical composition of biofilm. Adapted from Denkhaus et al. (2007). 
Extracellular polymeric substances (EPS) 
– Cationic groups in amino sugars and proteins 
(e.g. NH3+) 
– Anionic groups in uronic acid, proteins, and nucleic acids 
(e.g. COO-; HPO4-) 
– Apolar groups from proteins (such as in aromatic amino acids), 
phospholipids, and humic substances 
Microbial cell 
Outer membrane: lipopolysaccharides of Gram-negative cells 
– Cell wall consisting of N-acetylglucosamine and N-acetylmuramic 
acid, offering cationic and anionic sites, and the lipoteichoic acids 
in Gram-positive cells 
Cytoplasmic membrane, offering a lipophilic region 
– Cytoplasm, as a water phase separated from the surrounding water 
Minerals 
– Precipitates (sulfides, carbonates, phosphates, hydroxides) 
– Free and bound metals (Ca2+, Fe3+, Mg2+) 
Biogenic particulate materials (degradation products) 
Environmentally relevant substances 
– Organic pollutants (e.g. biocides, detergents, xenobiotics) 
– Inorganic pollutants (e.g. heavy metals) 
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The most widely used FTIR approach to study whole bacterial cells and biofilm is the 
ATR-IR spectroscopy (Denkhaus et al., 2007).  To characterise the structure and the 
chemistry of biofilms in vitro, combination of FTIR spectroscopy with microscopy 
has been used earlier in the field of introducing spectroscopic studies for biofilm (Suci 
et al., 1997). From FTIR microspectroscopy, IR spectral maps of the biofilm will 
provide chemical information to give insights related to biological mechanisms or the 
metabolic processes occurring during different biofilm formation stages (Pink et al., 
2004, Vertes et al., 2012, Holman et al., 2009).  
 
Identification of morphological changes of the biofilm may be correlated to 
differences in chemical makeup of the cellular component and the structural 
biomolecules of biofilm. These investigations can be performed without staining or 
labelling with probes, to reveal chemical processes within the intracellular structure 
(Holman et al., 2009, Trevisan et al., 2012). IR absorption bands correspond to lipids, 
proteins, nucleic acids and polysaccharides. Lipid contents can be observed mainly 
from the CH2, CH3 bands which are seen mainly at the CH stretching region from 
(3000-2830 cm-1), protein content is seen in the area of amide I (1730-1590 cm-1), 
amide II (1590-1490 cm-1), amide III with nucleic acid bands from P=O (1280-1190), 
and DNA/RNA chemical compound information (1490–1000 cm-1). The carbohydrate 
band for the polysaccharide profile can also be observed from 1140 to 950 cm-1 
(Naumann, 2006, Burgula et al., 2007). 
 
Furthermore, some specific bands such as in the amide and polysaccharides regions 
can be considered as a marker for changes and intensities of protein development and 
modification in the sample analysed (Serra et al., 2007). Pink et al. (2004) 
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investigated the region from 1500 to 1180 cm-1 where an excess of protein during 
Pseudomonas aeruginosa biofilm development was observed. The study concluded 
that amide II and III in biofilm could not be completely accounted for due to changes 
in the protein contents but showed an accumulation of protein near the attachment 
surface.  
 
Investigating chemical components and functional groups that play important roles in 
biofilm construction is extremely difficult by optical microscopy and staining 
methods, however, FTIR and Raman spectroscopy provide a constantly developing 
frontier with improvements in many aspects of analysis of biofilm samples. 
 
1.3 Rationale and Objectives 
The main objective of this thesis is to understand the biofilm formation behaviour of 
NTHi isolates in vitro, to study the variations of chemical constituents, and the 
contribution of NTHi biofilm to pathogenicity. In order to achieve this, firstly, a semi-
quantitative bacterial model of biofilm formation will be developed and validated in 
vitro. This model will be used to investigate determinants that may affect in vitro 
NTHi biofilm formation. This model will be used to investigate the biofilm forming 
ability of 60 strains selected from normal flora, clinical isolates from patients with 
otitis media (OM), from the lungs of infected cystic fibrosis (CF) patients as well as 
patients with lower respiratory tract infection, isolates from the eyes of patients with  
conjunctivitis, as well as from oropharyngeal normal flora (NF), and oropharyngeal 
normal flora isolates of Haemophilus haemolyticus (H. haemolyticus) .  
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Generating FTIR spectra coupled with hyperspectral imaging for selected biofilms 
will be used to produce a chemical fingerprint of biofilm composition. Characteristic 
FTIR spectra for high and low biofilm producing strains will be investigated. Spectral 
information will be used to study cells that are adhered to abiotic surfaces using this 
non-destructive technique for quantitative characterisation of NTHi biofilm. The 
spatial distribution of NTHi mature biofilm specific macromolecules and exploration 
of the chemical heterogeneity of biofilm has not been performed until now. 
Analysis of antibiotic treated biofilm by FTIR microspectroscopy and comparison of 
the changes in spectral information with untreated biofilm will also be undertaken in 
this project. To our knowledge, NTHi biofilm treated with antibiotics has not been 
studied by vibrational spectroscopic approaches and will be investigate along with a 
MTP method for quantitation.  
 
Biofilm chemical components are thought to be related to the variability of biofilm 
formation on a small scale (mm to µm) which could contribute to pathogesis and 
persistence of the NTHi biofilm.  Biofilm research is expanding due to technological 
advances in spectroscopic methods yet is still in its infancy because of the complex 
and heterogeneous 3D properties of biofilm structure. Spectral microscopy studies on 
chemical distribution and biochemical composition of bacterial cells and EPS of 
biofilm will offer an insight into the mechanism of biofilm formation and 
physiochemical properties of NTHi biofilm.  
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Abstract  
Microtitre plate (MTP) assays used to measure biofilm are generally poorly described 
with regard to precision. This study investigated the precision of an MTP assay for 
biofilm production by Nontypeable Haemophilus influenzae (NTHi) and the effects of 
frozen storage and inoculation technique on biofilm production. The density of 
bacterial final growth (FG) was determined by absorbance after 18-20 hours 
incubation and biofilm production (BF) was then measured by absorbance after 
crystal violet staining. Biofilm formation was categorised as high and low for each 
strain. For the high biofilm producing strains of NTHi, inter-day reproducibility of 
NTHi biofilm formation measured using the MTP assay was excellent and met the 
acceptance criteria but higher variability was observed in low biofilm producers. 
Method of inoculum preparation was a determinant of biofilm formation with 
inoculum prepared directly from solid media showing increased biofilm production 
for at least one of the high producing strains. In general, storage of NTHi cultures at -
80°C for up to 48 weeks did not have any major effect on their ability to produce 
biofilm. 
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2.1 Introduction 
When planktonic bacteria aggregate and become part of a protected cellular 
community, they are termed a biofilm. Biofilm formation is a staged and circular 
process that is an inherent behavioural mechanism of some bacterial species 
(Costerton et al., 1999, Hall-Stoodley and Stoodley, 2009).  
 
Nontypeable Haemophilus influenzae bacteria (NTHi) are obligate commensals of the 
human upper respiratory tract from where they frequently act as opportunistic 
pathogens. Biofilm production by NTHi may be responsible for chronicity and 
recurrence of some acute infections, such as otitis media (OM) and exacerbation of 
chronic obstructive pulmonary disease (COPD), conditions that have provided most of 
the NTHi strains used for biofilm investigations (Hall-Stoodley and Stoodley, 2009, 
Murphy et al., 2004, Murphy and Kirkham, 2002, Swords, 2012, Moriyama et al., 
2009).  
 
In vitro assays of biofilms, based on microtitre plate (MTP) methods, have been 
developed over the past few decades (Christensen et al., 1985, Stepanović et al., 2000, 
Stepanović et al., 2007, Coenye and Nelis, 2010). The biofilm adhered to the MTP is 
quantified by staining with crystal violet, a basic dye that binds to the biofilm matrix 
and attached cells. By comparison with various flow systems that have been 
developed (Goeres et al., 2005) static systems are simpler, require less specialised 
equipment, are more rapid and less expensive (Coenye and Nelis, 2010) with the 
potential for automation (Sandberg et al., 2008). The American Society for Testing 
and Materials recently approved the first standardised biofilm disinfectant efficacy 
test method, based on static culture of biofilm on peg lids that sit in MTP wells 
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(Harrison et al., 2010, Parker et al., 2014). This technique has been applied to NTHi 
strains from acute OM cases (Takei et al., 2013) and CF and COPD isolates (Starner 
et al., 2006). However, a robust method for the quantitation of biofilm produced by 
NTHi is still lacking. 
 
A lack of standardisation of inoculum, insufficient calculation methods and a lack of 
reporting of intra- and inter-day replicate variation of quantitative biofilm methods are 
typically found missing in key literature. The lack of standardised methods makes any 
meaningful comparison of different quantitative studies difficult. Studies have 
reported substantial variability in the ability of clinical isolates of NTHi to form 
biofilm (Murphy and Kirkham, 2002, Webster et al., 2006a), but inoculum was not 
standardised. Other studies reported variable NTHi biofilm production in vitro from 
different clinical isolates using standardised inoculum (Puig et al., 2014, Wu et al., 
2014). Other work has described the use of a ratio termed the biofilm formation index 
(BFI). This is the ratio of biofilm produced by an NTHi isolate to the biofilm 
produced by a standard Haemophilus influenzae strain (Moriyama et al., 2009). This 
approach has merit but is limited by its reliance on the reproducible production of 
biofilm by the control, which cannot be relied upon, given the fastidious nature of 
NTHi (Daines et al., 2005). Determination of quantitative precision and 
reproducibility requires a number of replicates over different days, which is more 
readily achieved in a static system (Goeres et al., 2005). More broadly, due to the lack 
of a reliable reported standardised methodology there is still considerable uncertainty 
as to the clinical significance of biofilms in the pathogenesis of NTHi infections.  
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The aim of this study was to develop and validate a reproducible and robust crystal 
violet MTP assay for the quantitative assessment of NTHi biofilm production using a 
small number of representative clinical isolates and standard strains, and to use this 
method to measure potential determinants of biofilm production, including isolate 
storage and inoculum preparation techniques. 
 
2.2 Methods 
2.2.1 Strains and culture condition 
Two isolates of NTHi, comprising clinical isolates (A1 and A2) and two standard 
strains, ATCC 10211 and RdKW20 (A3 and A4 respectively), as well as 
Pseudomonas aeruginosa PAO1 as a positive control, were used for biofilm 
evaluation. The strains were stored in glycerol at -80°C and recovered by overnight 
culture followed by an additional overnight (16 h) passage prior to use in the assay. 
All cultures were carried out on chocolate agar (Oxoid, Adelaide, Australia) at 37°C 
under 5% CO2. Additional NTHi clinical isolates were used for the investigation of 
storage, as described below. All clinical isolates were epidemiologically unrelated and 
were identified conclusively as H. influenzae using 16S rRNA sequencing. 
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2.2.2 Baseline biofilm assay 
Strains A1-A4 were preliminarily screened for their ability to form biofilm using an in 
vitro MTP assay adapted from published methods (Murphy and Kirkham, 2002, 
Webster et al., 2006b). One colony from the overnight passage culture was inoculated 
into 10 ml pre-warmed brain heart infusion broth (Oxoid, Adelaide, Australia) 
supplemented with 40 µg/ml NAD and haemin and 2% v/v Vitox (Oxoid, Adelaide, 
Australia) (sBHI), and incubated for 22 h. A 1.5 ml aliquot of each broth was 
transferred into a plastic cuvette (Kartell, Milan, Italy) and the optical density was 
measured at 490 nm versus fresh sBHI. Based on this reading, each inoculum was 
standardised by dilution with sBHI to an optical density of 0.25-0.30 (̴107 CFU/ml) 
which was confirmed by producing a growth curve of the counted colonies for NTHi 
against OD measurement. The final inoculum was prepared by adding 100 µl of the 
standardised broth to 10.0 ml of fresh sBHI (1:100). Diluted inoculum (2.0 ml) was 
transferred to wells (2.5 ml) of a 24-well non-treated sterile, polystyrene microtitre 
plate (MTP) (Costar, Corning Incorporated, New York, USA). Each MTP contained 4 
NTHi strains, a positive control (PAO1) and a negative control (sBHI with no 
inoculum) in quadruplicate wells with a single plate. Plates were incubated at 37°C 
under 5% CO2 for 22 h. After incubation, MTPs were cooled to room temperature and 
then covered with an adhesive film (Labtek, Brendale, Australia). The optical density 
of each well was read at 490 nm to give a value for final growth (FG).  
 
MTPs were inverted to empty, and then washed with tap water (3x) and air dried at 
room temperature for 30 min. Crystal violet solution (0.1%, 2.0 ml) was added to each 
well and allowed to sit at room temperature for 15 min. MTPs were inverted to empty, 
washed with water (3x) and air dried at room temperature. Ethanol (95%, 2.0 ml) was 
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added to each well to solubilise the crystal violet that had adhered to the biofilm. The 
optical density of each well was read at 570 nm to give a value for biofilm formation 
(BF). 
 
In total, 13 MTP assays were performed (with strains A1-A4, plus positive and 
negative controls) over five days. On days one to four, two MTP assays were 
performed, and on day five, five MTP assays were performed. Unless otherwise 
indicated (e.g., for the determination of a particular analytical performance), the FG, 
BF and BF/FG for each strain within a single MTP was taken as the mean of the 
individual values from the four individual wells. For management of outliers (such as 
contamination or no growth), an a priori protocol for exclusion was used whereby 
wells with a FG value more than ±2 standard deviations from the mean of each of the 
quadruplicate wells within a plate were excluded. 
 
2.2.3 Outcome measures 
Final growth (FG) was measured using turbidity of the bacterial suspension in the 
well as a measure of overall growth of biomass, however this can often be highly 
variable. Biofilm formed inside the wells determined by crystal violet staining was 
defined as absolute biofilm (BF). The ratio (BF/FG) was then calculated and defined 
as relative biofilm formation, normalising for bacterial growth.  
 
2.2.4 Precision and reproducibility 
Intra-day precision was assessed using the MTP results from day 5, and comparing 
the mean values (BF and BF/FG) for each strain from each of 5 MTPs (n=5). Inter-
day precision was assessed using the MTP results from all 5 days, and comparing the 
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mean values (BF and BF/FG) for each strain from each of 13 MTPs (n=13). In order 
to determine if strains could be reliably placed into categories based on biofilm 
production (e.g. high or low), the 13 means from the inter-day precision assay were 
compared, with an acceptance criteria of ± 20% RSD arbitrarily assigned.  
 
2.2.5 Effect of inoculum  
A non-standardised inoculum was used to evaluate the importance of inoculum 
standardization on biofilm quantitation. Incubations were performed in a similar 
manner to that described above but without adjustment of the inoculum to an optical 
density of 0.25-0.3 prior to 1:100 dilution and incubation of all four strains.  
 
To evaluate the importance of inoculum pre-culture in liquid broth, the inocula was 
prepared from a culture off chocolate agar solid media. The inocula was standardised 
to an optical density of 0.25-0.3, diluted 1:100 and incubated and processed as 
previously described. 
 
The effect of inoculum was assessed using two MTPs on a single day for each of the 
three inoculum types on five MTP assays on day five were performed comparing the 
variation across the plates of each day.  
 
2.2.6 Effect of isolate storage 
The effect of freezing on the ability of NTHi to form biofilm was investigated. Fresh 
NTHi clinical isolates (B1, B2, B3 and B4) were collected and evaluated for biofilm 
formation. These isolates had undergone less than four sub-cultures following initial 
isolation from clinical specimens. The MTP assay was performed within two days of 
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initial isolation, with two MTP assays performed per strain each day, to generate a 
single mean value for BF from eight individual wells. The same analyses were 
performed after freezing in glycerol on ceramic beads and storage at -80ºC for two, 
four, eight, 12, 24 and 48 weeks.  
 
2.2.7 Statistical analysis 
For comparison of biofilm (BF) and relative biofilm formation (BF/FG) between 
strains and to examine the differences in biofilm production within strains, Student’s 
t-test and one-way repeated measures ANOVA (IBM SPSS Statistics, V21.0) were 
used along with nonparametric tests where appropriate with P<0.05 considered 
statistically significant. For comparison of the three different inoculum methods and 
classification of biofilm (BF) and relative biofilm (BF/FG) production (high and low), 
a general linear model (GLM) and univariate analysis of variance based on individual 
wells was used to produce a two-way repeated measures ANOVA (IBM SPSS 
Statistics, V21.0) with P<0.05 considered statistically significant.  
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2.3 Results  
2.3.1 Baseline biofilm assay 
Biofilm formation (BF) over five different days for each of the tested strains are 
presented in Fig. 1. Each bar represents the mean BF on a particular day with 
consistency in the amount of biofilm produced between strains. It was evident that A1 
and PAO1 produced a similar amount of biofilm (BF) (P>0.05). Strain A1 produced 
significantly more biofilm than strain A2 (P<0.01), strain A3 (P<0.01) and strain A4 
(P<0.01). Strain A2 produced significantly more biofilm than A3 (P<0.01) and A4 
(P<0.01) and strains A3 and A4 produced a similar amount of biofilm (P>0.05). 
Discriminatory categories of biofilm formation were calculated as; high (≥ 0.6) and 
low (< 0.6) producers (P<0.05). 
 
Relative biofilm production (BF/FG ratio) data are presented in Fig. 2. Strain A1 gave 
a BF/FG ratio higher than all the other strains including PAO1 (P<0.01).The BF/FG 
ratios for all of NTHi strains gave similar relative results as for the BF data (P values 
were very similar).  
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Figure 1. Biofilm production (BF) of the four NTHi strains (A1-A4) and Pseudomonas 
aeruginosa PAO1 positive control (PC) over five days. Error bars depict standard deviation.  
 
 
Figure 2. Relative biofilm production (BF/FG) of the four NTHi strains (A1-A4) and 
Pseudomonas aeruginosa PAO1 positive control (PC) over five days. Error bars depict 
standard deviation. 
 
The percent relative standard deviation  (%RSD) was calculated for each of the five 
days using both BF and BF/FG data which are presented in Table 1. There were no 
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differences in %RSD intra-day variability (P>0.05) or inter-day variability (P>0.05) 
between using BF/FG ratio versus BF for any of the strains.  
 
Table 1.The percent relative deviation %RSD of the strains for each day. Nonparametric tests 
found no differences in the %RSD values between each strain over day 5 or within the strains 
across days. 
 
 Day1  Day 2  Day 3  Day 4  Day 5  
Strain BF BF/FG BF BF/FG BF BF/FG BF BF/FG BF BF/FG 
A1 20.67 6.04 3.49 53.51 58.96 53.70 10.74 3.74 42.86 45.48 
A2 18.87 22.64 12.41 23.34 54.62 61.20 5.78 1.26 48.81 46.26 
A3 30.00 34.66 34.03 31.01 13.83 20.17 - - 9.54 11.54 
A4 14.25 1.42 31.75 32.08 9.59 10.06 10.46 12.10 80.95 85.93 
PAO1 6.84 3.05 10.40 12.09 4.19 12.66 10.75 12.60 28.17 29.92 
 
 
2.3.2 Effects of inoculum preparation  
The effect of inoculum from standardisation, non-standardisation and solid inoculum 
are illustrated in Fig. 3. Strains A1 and A2 demonstrated no difference in BF between 
inoculation techniques (P>0.05). Strain A3 and A4 increased BF measurement with 
solid inoculum over the other inoculum techniques (P<0.05) (see Table 2) with 
biofilm formation doubling in strain A3 prepared from solid inoculum compared to 
inoculum prepared from standardised liquid inoculum (P<0.05). Relative biofilm 
production BF/FG in Fig. 4 gave similar results in terms of the biofilm level 
production that presented in the BF value Fig. 3.  
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Figure 3. Robustness comparison of the standardised method, solid growth and non-
standardised inoculum for NTHi strains (A1-A4) and Pseudomonas aeruginosa PAO1 positive 
control (PC) for 8 wells over 13 plates. Error bars depict standard deviation and with statistical 
significance P<0.05*.PC represents the positive control Pseudomonas aeruginosa PAO1. 
 
 
Figure 4. Robustness comparison of the standardised method, solid growth and non-
standardised inoculum. Biofilm formation (BF/FG, biofilm/final growth ratio) of the four NTHi 
strains and Pseudomonas aeruginosa PAO1 positive control (PC) for 8 wells over 13 plates. 
Error bars depict standard deviation and with statistical significance P<0.05 (*). 
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Table 2 . Inter-day of %RSD for the validation of MTP assay methods. Comparison of the 
three methods (standardised, non-standardised and solid method). Nonparametric tests found 
no difference between the %RSD of the standardised method with the other methods.  
 
 Standardised method Non-standardised method Solid method 
 BF BF/FG BF BF/FG BF BF/FG 
A1 24.88 37.46 39.48 30.21 32.84 34.43 
A2 17.17 18.91 63.57 48.11 16.27 17.73 
A3 45.37 43.41 95.16 98.87 64.96 60.11 
A4 108.92 79.57 35.62 22.68 22.05 13.62 
PAO1 15.59 14.42 44.67 35.24 23.96 26.83 
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2.3.3 Effect of isolate storage 
In Fig. 5, the results of the frozen storage in -80ºC experiments demonstrated that 
biofilm production was not affected in most cases and that biofilm production only 
changed in two strain (B2 and B3) after six months (P<0.05). There was some 
fluctuation of biofilm production (BF) for B2.  
 
 
 
Figure 5. The mean (SD) biofilm production (BF) for four fresh NTHi strains and 
Pseudomonas aeruginosa PAO1 positive control (PC) over 48 weeks. Error bars depict 
standard deviation and with statistical significance P<0.05 (*) with B2 at week 24 and B3 at 
weeks 8 and 48. 
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2.4 Discussion 
2.4.1 Baseline biofilm assay 
The ability to reliably and consistently discriminate between high and low biofilm 
producing NTHi strains was achieved with the MTP assay method. Of the NTHi 
strains that were examined, strain A1 was classified as a high biofilm producer, and 
strains A2, A3 and A4 were low biofilm producers. A1 produced similar amounts of 
biofilm (BF) as the control strain (PAO1). Strain A2, although categorised as a low 
biofilm producer, produced around 60% of the biofilm of strain A1 but significantly 
more than A3 and A4 which both produced only about 10% of A1’s biofilm 
indicating difficulty of classification of low biofilm producers. The method met 
acceptance criteria of precision and repeatability (±20% of %RSD) for biofilm in 
most of the strains measured by MTP assay. 
 
H. influenzae strains ATCC 10211 (A3) and RdW20 (A4) were chosen in addition to 
unique local strains, because they are widely available and could act as reference 
isolates for others wishing to use or evaluate our method. ATCC 10211 was especially 
chosen because it is known to be particularly fastidious and is used by the Clinical 
Laboratory Standards Institute for quality control of susceptibility testing media 
(C.L.S.I, 2012). The four strains were also selected to cover a range of biofilm 
forming ability. In the context of this work, P. aeruginosa (PAO1) strain served as 
positive control as it has been extensively studied and confirmed as a high biofilm 
producer in MTP assays (Bjarnsholt et al., 2005, Hall-Stoodley and Stoodley, 2009). 
The reason for choosing P. aeruginosa (PAO1) strain was that there is no NTHi strain 
confirmed to be a high biofilm producer to serve as positive control. 
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Relative biofilm production (BF/FG ratio) normalises biofilm production to the 
bacterial density in each well. The use of this ratio could correct for potential 
variations in bacterial growth in different wells. However, in the current study, the use 
of this ratio made no difference to the assay performance measures of intra-day and 
inter-day variability, compared with the use of BF alone. This indicates that bacterial 
growth was consistent in each well even for the known fastidious strain A3. For 
example, intra-day variability of final growth (FG) for strain A3 was 7.7% (%RSD) 
which gives a further indication of the reproducibility of the final growth. The extra 
step of measuring bacterial density in order to calculate this ratio cannot be justified 
on the basis of our results. However, there may be a benefit in using the ratio for 
measurement of biofilm production after treating the inoculum with antibacterial 
agents where variation in bacterial growth may have more experimental variability 
(Harrison et al., 2010). 
 
The acceptance criteria of RSD of ± 20% variability were met only for BF of strains 
A1 and A2. Biofilm production of strains (A3 and A4) were less reproducible and 
greater than the acceptance criteria. Inter-day variability tended to increase with A3 
and A4, the low biofilm producers, but the correlation between BF and variability was 
weak. Inter-day precision of MTP biofilm measurements are not routinely described 
in the literature, but should be taken into account when determining the validity of 
biofilm quantitation using static methods. As a comparison, reproducibility of biofilm 
production (BF) by MTP assay for Staphylococcus aureus was reported as 35%, 
greater than that shown here for NTHi strain A1 and A2  (Sandberg et al. 2008). 
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2.4.2 Effects of inoculum preparation  
Examination of the final growth measurements shows that all strains grew to a similar 
cell density after full incubation, regardless of the type of initial inoculum preparation. 
On this basis, as standardisation of the inoculum by dilution to a specified 0.25 – 0.30 
OD 490 does not increase reproducibility, it is not shown to be necessary. 
 
Solid growth inoculum made no difference for biofilm production, even after 
vigorously shaking the inoculum after inoculation from solid media, except for strains 
A3 and A4  Fig. 3. The effect of inoculum from chocolate agar was investigated 
because many studies do not define the source of cells for the preparation of their final 
inoculum. Results from solid media are not directly comparable with results of 
inoculum from liquid media. Stepanović et al. (2007) have suggested that adhesion to 
cell surfaces can be initiated in the first step of biofilm formation and potentially 
resulting in more biofilm formation from bacterial cells grown on solid medium than 
bacterial cells grown in liquid medium (Stepanović et al., 2007).   
 
In this study, we chose to use 24 well, flat bottom untreated well MTPs for several 
reasons. Plates with 24 wells have been used for MTP assays in some previous studies 
for other organisms as reviewed by Coenye and Nelis  (2010) and specifically  for 
NTHi biofilm studies (Murphy and Kirkham, 2002, Webster et al., 2006a, Ünal et al., 
2012). These plates have a larger absolute surface area than other types which were 
used in other published studies (Stepanović et al., 2007). The microtitre plates were 
specifically flat bottom polystyrene non-tissue culture treated wells. Non-treated wells 
were chosen, free of any interference from other factors that may enhance the 
adhesion of cells and initial biofilm formation. Tissue culture treated wells have been 
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reported in some papers as an enhancer of biofilm formation (Stepanović et al., 2007, 
Murphy and Kirkham, 2002) .  
 
2.4.3 Effect of isolate storage 
These fresh clinical isolates were chosen to cover a similar range of biofilm producing 
ability as the strains used in the earlier study. There appeared to be some strain-
specific changes in biofilm production found after frozen storage of freshly cultured 
cells over 48 weeks, however, these changes were within the overall inter-day 
variability of the MTP assay. Frozen storage affected biofilm production of strain 
(B2) after 24 weeks in -80ºC Fig. 5. There were also some differences in biofilm 
production in strain B3 which were found after eight weeks of freezing compared to 
fresh, and after 48 weeks. Biofilm production is the result of a complex interaction 
between bacterial cells and the host surfaces and there is no information on whether 
the ability to form biofilms is retained when the bacterial cells are removed from the 
host and stored for long periods. This is an important consideration as in most studies, 
strains are stored prior to being tested. To date, there are no studies investigating the 
biofilm producing ability for NTHi isolates after short or long periods of freezing. 
Two studies have tested the consequence of freezing; H. influenzae planktonic strains 
were stored in different types of media and repeated viability tests were undertaken 
after thawing/freezing cycles (Saab et al., 2001, Votava and Str̆ı́tecká, 2001). 
Viability of planktonic Haemophilus influenzae decreases after freezing for longer 
periods of time (>48 weeks) (Saab et al. 2001). Therefore, we can determine from our 
study that the ability of NTHi strains to form biofilm may be affected by freezing over 
a 24 week period but appears to be strain-specific as this was not observed in all 
NTHi strains.   
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2.5 Conclusion 
Different strains of NTHi consistently produced different levels of biofilm. The MTP 
assay met precision acceptance criteria for measuring biofilm production by NTHi 
strains. The only determinant of variability when measuring NTHi biofilm using the 
MTP assay is due to the particular NTHi strain. Standardisation of the inoculum 
(versus non-standardised) made no difference which could be a step reserved for more 
fastidious strains. The source of inoculum from culture media demonstrated less 
precision for at least one strain. Frozen storage duration showed no major effect on 
the biofilm formation as the biofilm production for some strain changed but within the 
inter-day variability of our MTP assay. The MTP assay is a valid approach to 
measuring NTHi biofilm and can detect some strain-specific differences in biofilm 
production, was well as the effect of inoculum techniques and frozen storage duration. 
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Relationship between clinical site of isolation and ability to 
form biofilms in vitro in Nontypeable Haemophilus 
influenzae 
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Abstract 
Nontypeable Haemophilus influenzae (NTHi) is an opportunistic pathogen associated 
with a range of infections including various lower respiratory infections, otitis media 
and conjunctivitis. There is some debate as to whether or not NTHi produce biofilms 
and if so, whether or not this is relevant to pathogenesis. Although many studies have 
examined the association between in vitro biofilm formation and isolates from a 
specific infection type, few have made comparisons from isolates from a broad range 
of isolates grouped by clinical source. In our study, fifty NTHi from different clinical 
sources: otitis media, conjunctivitis, lower respiratory tract infections in both cystic 
fibrosis and non-cystic fibrosis patients and nasopharyngeal carriage, plus ten 
nasopharyngeal isolates of the commensal H. haemolyticus were tested for the ability 
to form biofilm using a static microtitre plate crystal violet assay. A high degree of 
variation in biofilm forming ability was observed across all isolates, with no 
statistically significant differences observed between the groups with the exception of 
the isolates from conjunctivitis. These isolates had uniformly lower biofilm forming 
ability compared to isolates from the other groups (P<0.005). 
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3.1 Introduction 
Nontypeable Haemophilus influenzae (NTHi) is a commensal of the upper respiratory 
tract that is associated with a range of opportunistic infections such as community 
acquired pneumonia (CAP), exacerbations of chronic obstructive pulmonary disease 
(COPD), sinusitis, otitis media (OM) and conjunctivitis. (Murphy et al., 2004, Homøe 
and Johansen, 2011, Chin et al., 2005, Mizrahi et al., 2014). Studying pathogenesis in 
NTHi is made difficult because of its extremely heterogeneous bacterial population 
structure and because the organism has multifaceted pathogenicity with many 
potential virulence attributes identified, although no single attribute has been detected 
in all disease associated strains (Erwin and Smith, 2007). There has been much debate 
as to whether NTHi actually forms biofilms, particularly in vivo, and if it does, 
whether these biofilms play a role in pathogenesis and persistence (Erwin and Smith, 
2007).  
 
Numerous studies have demonstrated the ability of NTHi to form biofilms in vitro and 
this has been shown to be highly variable amongst different strains (Murphy and 
Kirkham, 2002, Moxon et al., 2008, Moghaddam et al., 2011) but less work has been 
done to link biofilm formation ability with pathogenicity. Biofilm growth in other 
organisms has been associated with pathogenesis and particularly with chronicity of 
infection (Hall-Stoodley and Stoodley, 2009) and many papers have reviewed the 
involvement of biofilm with chronic and recurrent NTHi infection and severity of 
disease (Erwin and Smith, 2007). However, a limitation of many studies is that they 
examined strains within one or two infectious disease contexts without comparison 
with strains from infections at different sites. We hypothesise that if biofilm formation 
as demonstrated by in vitro assays is clinically relevant, the contribution to 
 
Relationship between clinical site of isolation and NTHi biofilm. Chapter 3 
 
 
 
104 
pathogenesis may be different for infections at different sites because the organism 
will be interacting with the host at different anatomical surfaces. In this study we 
investigate this by testing isolates from a range of clinical sites for in vitro biofilm 
formation. A recent study compared the ability of isolates of NTHi from 
nasopharyngeal carriage, otitis media, non-bacteraemic community acquired 
pneumonia, chronic obstructive pulmonary disease and invasive disease to form 
biofilm (Puig et al., 2014 ). It was found that isolates from invasive disease and otitis 
media produced significantly more biofilm than the isolates from other sites. In our 
current study we investigated this hypothesis, and within the limits of our isolate 
collection, attempted to replicate the findings by Puig et al. by testing isolates from a 
range of clinical sites for in vitro biofilm formation. 
 
3.2 Methods 
3.2.1 Bacterial isolates and growth condition 
A collection of 10 clinical isolates from each of six body sites groups based on site of 
isolation and identity was established, consisting of NTHi isolates from otitis media 
(ears), conjunctivitis (eyes), lower respiratory infection from sputum sample (LRT), 
lower respiratory infection from cystic fibrosis patients (CF), oropharyngeal normal 
flora (NF) and oropharyngeal normal flora isolates of H. haemolyticus (Hh), with the 
latter two groups from asymptomatic volunteers. Additional specific clinical details 
beyond site of isolation, such as chronic or acute disease or underlying conditions 
such as COPD or CAP were not available for the clinical isolates listed above. 
Microorganisms were identified using a polymerase chain reaction (PCR) algorithm 
for species marker genes hpd, fucK and sodC as previously described (Witherden and 
Tristram, 2013). All bacterial isolates were identified by sequencing of the 16S rRNA 
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gene using universal primers 27F and 1492R (Weisburg, et al, 1991). After manual 
inspection of chromatograms, the sequences were trimmed to 751 bp corresponding to 
positions 81 to 831 of the complete 16S sequence. The isolates were then identified to 
species level by comparison with the GenBank nucleotide database using the blastn 
algorithm.  
 The isolates were stored in glycerol at -80ºC and recovered by overnight culture on 
chocolate agar (Oxoid Australia Pty, Ltd., Thebarton, SA) at 37ºC in 5% CO2. 
Harvested colonies were inoculated onto chocolate agar then incubated for 18-22 h 
prior to use in the biofilm assay. 
 
3.2.2 Biofilm assay 
The microtitre plate assay was used to measure static biofilm formation using our 
laboratory protocols that validated and described in details in Chapter 2 which 
standardise the starting inoculum with regard to optical density. 
Briefly, an overnight broth culture in supplemented brain heart infusion broth (sBHI) 
was adjusted to an optical density (490 nm) of 0.25-0.30. A final inoculum (~105 
CFU/ml) was prepared by diluting this 1/100 in sBHI and 2.0 ml transferred to each 
of 4 wells of a 24-well non-treated 2.5 ml sterile polystyrene microtitre plate (MTP). 
Plates were incubated at 37°C under 5% CO2 for 18-22 h, washed and stained with 
crystal violet as described in chapter 2 section 2.2.2. The average optical density at 
570 nm (blanked against a no bacteria control well) of the 4 wells was determined as 
described in chapter 2 section 2.2.3 and the final outcome measure for biofilm 
formation (BF) is the average of 4 independent experiments. Individual isolates were 
selected randomly from all groups for testing in batches of 4 isolates per MTP to 
avoid any systematic bias. 
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3.2.3 Statistical analysis 
Comparisons of BF were performed by one-way analysis of variance (ANOVA), 
followed by Fisher’s protected least significant difference (PLSD) post hoc test to 
assess statistical significance between different body sites (IBM SPSS Statistics, 
V21.0). Results with P<0.05 were considered statistically significant.  
 
3.3 Result and discussion 
We chose to use the static MTP crystal violet assay for this study because it has been 
very widely used, is high throughput, quantitative and reproducible and therefore 
useful for the comparison of biofilm formation between isolates. (Murphy and 
Kirkham, 2002, Langereis and Hermans, 2013). A limitation of the static MTP 
method is that it is not standardised, with various incubation times and different 
outcome measures used, where some studies simply report the absorbance of the 
stained biofilm material at 570nm (Murphy and Kirkham, 2002, Webster et al., 2006), 
while others calculate a ratio where the biofilm value is expressed as a ratio compared 
to some type of control isolate (Moriyama et al., 2009). This lack of standardisation 
limits the ability for us to compare actual BF values between our study and previous 
studies. 
 
The results are summarised in Fig. 1, and presented in full in the appendix. We found 
significant variation in the BF measure across the 60 isolates in our study with a range 
of 0.02 to 1.76 and this is very consistent with other studies (Starner et al., 2006, 
Mizrahi et al., 2014). There was no statistically significant difference in mean BF 
between NTHi isolates from ears, LRT, CF, NF and Hh isolates, but the BF of NTHi 
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isolates from eyes was consistently low and the mean BF of this group was 
significantly lower than the other groups (P<0.05).  
 
 
Figure 1. The mean and SD for each group of the clinical isolates by the output Biofilm 
formation (BF) using optical density 570nm (* P< 0.05) 
 
These results of BF from ears, LRT, CF and NF isolates are consistent with a previous 
study that compared quantitative measures of biofilm formation in NTHi from; middle 
ear isolates with isolates from COPD (Murphy and Kirkham, 2002) and showed no 
association with site of isolation and biofilm formation. However, our results differ 
from those in the recent study by Puig et al. that found that isolates from OM were 
significantly higher biofilm producers than isolates from non-invasive respiratory 
infections or from the carriage state (Puig et al., 2014). Significantly, the low BF for 
NTHi isolates from the eye group in our study is consistent with a recent study by 
Mizrahi et al. that compared middle ear isolates from patients with OM and treatment 
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failure, with nasopharyngeal isolates from patients with various other presentations of 
OM, such as first episode, recurrent episodes or with concomitant conjunctivitis. On 
multivariate analysis they found that only the presence of conjunctivitis was 
associated with low biofilm production (Mizrahi et al., 2014). 
While many previous studies have shown a role for biofilm formation in pathogenesis 
(Erwin and Smith,  2007, Vlastarakos et al., 2007, Swords, 2012) our data suggest 
that the ability to form significant biofilm, as measured by the static method, is not a 
prerequisite for pathogenesis nor does it favour infection at particular anatomical 
niches.  To our knowledge, our study is the first to demonstrate the capacity to form 
biofilms in the respiratory commensal H. haemolyticus, and although the formation of 
biofilms has been described previously for other non-pathogens (Langereis and 
Hermans,  2013), the similarity in our BF data for H. haemolyticus and NTHi supports 
the notion that the ability to form biofilms may not be a critical virulence attribute in 
this organism.  
 
The observation that strains associated with eye infection have low biofilm forming 
capacity is difficult to explain. If we accept that isolates of NTHi associated with 
disease originate from the nasopharynx where isolates have demonstrated variable 
ability to form biofilm, then it may be that the inability to form biofilm is 
advantageous in the pathogenesis of conjunctivitis. A more likely explanation is that a 
particular sub-type of NTHi has specific but as yet unknown virulence attributes that 
favour infection in the eye and that these organisms have a low biofilm capacity by 
happenstance. A similar situation was recently described by Skaare et al. (2014) in the 
examination of the population structure of NTHi with altered penicillin-binding 
protein 3 (PBP3) which is associated with an ampicillin resistance phenotype. In that 
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study it was initially noted that isolates with altered PBP3 were more likely to cause 
conjunctivitis than those with normal PBP3 (Skaare et al., 2014). On further 
examination, it was shown that multilocus sequence typing (MLST) types 385, 396 
and 201 were strongly associated with eye infections, and that because sequence types 
396 and 201 were also associated with altered PBP3 there was an indirect association 
between alt PBP3 and eye infection (Skaare et al., 2014).  
 
3.4 Conclusion 
We demonstrate that the ability to form biofilms as evidenced by the static MTP 
method is highly variable amongst clinical isolates and does not appear to favour 
infection at particular anatomical niches. More work is needed to delineate the 
association between the ability to form biofilms, and the population structure of NTHi 
associated with eye infections. 
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4.1 Abstract  
A range of upper and lower respiratory tract infections caused by Nontypeable 
Haemophilus influenzae (NTHi) are frequently treated with antibiotics such as 
amoxicillin and azithromycin.  These infections may persist and antibiotic therapy 
may fail to eradicate the infection. The persistence of the infection may be related to 
biofilm formation which may not be easily managed by conventional antibiotic 
treatment. The laboratory measurement of antibiotic susceptibility is based on the 
minimum inhibitory concentrations (MICs) for particular NTHi clinical isolates in the 
planktonic state. The treatment with antibiotics sometimes could affect the biofilm 
and paradoxically may enhance the production of sessile cells. This study aims to 
examine the effect of four classes of antibiotics at two concentrations, on the 
formation of NTHi biofilm. Two isolates were used; (NTHi A1) with high biofilm 
formation and (RdKW20) with low biofilm formation to assess the sub-MIC and MIC 
of four antibiotics; -lactams (amoxicillin;AMX and cefotaxime;CTX), macrolide 
(azithromycin;AZM) and flouroqunolon (ciprofloxacin;CIP).  These antibiotics were 
applied on two stages of biofilm; adding antibiotics at the initiation of new biofilm 
and adding antibiotics on existing biofilms using microtitre plate assay method (MTP 
assay). The results showed that AMX at the MIC concentration, impacted on existing 
biofilm of NTHi A1 and caused formation of more biofilm material. With sub-MIC of 
AMX and MIC of the other antibiotics, there were no effects on new biofilm 
formation for NTHi A1. No changes on biofilm formation were shown by RdKW20 
with addition of antibiotics compared to untreated biofilm except the increase in 
biofilm with sub-MIC of AMX. This MTP assay method provided a direct 
examination method on the impact of antibiotics for biofilm formation of an NTHi 
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clinical isolate and the standard isolate RdKW20 that showed an increase in biofilm 
after exposure to AMX.  
4.2 Introduction  
Nontypeable Haemophilus influenzae (NTHi) is an upper respiratory commensal that 
is also associated with a range of opportunistic infections such as community acquired 
pneumonia (CAP), exacerbations of chronic obstructive pulmonary disease (COPD) 
and otitis media (OM).  These infections are often managed with antibiotic therapy 
although this sometimes fails to eradicate the organism and  the infection may persist 
with/or without progression to a chronic state (Barkai et al., 2009, Hall-Stoodley and 
Stoodley, 2009).  
 
A classic example was from a study by Murphy et al (2004), where multiple sputum 
samples were collected from a cohort of patients with COPD over an extended time 
period (7 years). The specimens were repeatedly culture positive for the same strain of 
NTHi, but with significant intervening culture negative periods, although when 
sputum from these culture negative periods was tested using molecular methods, 
strain specific NTHi DNA was frequently detected. It was proposed that this may 
have been due to the presence of NTHi in a biofilm state, which is far less efficiently 
detected by traditional culture methods designed to detect planktonic growth. 
 
A number of other studies have been able to link the inability of antibiotic therapy to 
clear the organisms and a tendency towards chronic infection with the ability of some 
strains to form biofilms (Starner et al., 2006, Erwin and Smith, 2007, Hall-Stoodley 
and Stoodley, 2009, Vlastarakos et al., 2007). It is well known that the effective 
concentration of antibiotic for eradicating planktonic bacteria is often ineffective in 
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the presence of biofilm. This is thought to be a result of altered metabolic state in the 
biofilm layers and the existence of persister cells, which in turn exposes the bacterial 
cells to sub-lethal concentrations. (Liu and Post, 2009, Vlastarakos et al., 2007).  
 
There is inconsistency between the minimum inhibitory concentrations (MICs) for 
organisms measured in the standard fashion using planktonic growth, and those where 
the measurements use growth in a biofilm state. In the case of the latter, the MIC is 
often considerably higher. For example, Takei et al. (2003) showed that the 
fluoroquinolone and macrolide MICs for NTHi in a biofilm state were similar to 
MICs (planktonic state) but for amoxicillin it was 512 times higher than when 
measured using a planktonic state. Similarly, amoxicillin MICs for NTHi were 4-fold 
higher when biofilm growth was used compared to the standard measure using 
planktonic growth (Slinger et al., 2006). 
 
 Moreover, selection and use of antibiotics based on standard MIC tests are often only 
capable of producing short-term therapeutic benefits for infections where biofilms are 
thought to be involved (Hall-Stoodley et al., 2006). For example, in paediatric OM 
infection, 60% of infections primarily involving planktonic cells (including NTHi) 
were effectively eradicated using antibiotics. On the other hand, only 22% of 
infections where biofilms were thought to be involved were effectively eradicated by 
the same antibiotics (Liu and Post, 2009).  However, MIC levels of amoxicillin for 
NTHi using biofilm growth were measured as 4- fold higher than the	 MIC levels for 
planktonic cells (Slinger et al., 2006).  
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The poor predictive value of the traditional MIC in guiding antibiotic therapy for 
infections involving biofilms, has led to the development of the minimal biofilm 
eradication concentration (MBEC), which measures the minimum concentration of 
antibiotic to kill bacteria forming or existing within a biofilm (Takei et al., 2013). To 
date, the MBEC has not been widely accepted. 
 
Paradoxically, not only do biofilms protect the bacterial cells from the effects of 
antibiotics, there is now evidence which suggest that in some cases, antibiotics may 
stimulate the production of biofilm. This has been shown previously for E. coli (Sailer 
et al., 2003) and Pseudomonas aeruginosa (Hoffman et al., 2005), where sub-MIC 
levels of antibiotic stimulated biofilm production. More recently this has also been 
shown for NTHi, although the response was strain specific (Wu et al., 2014). Thus, 
sub-inhibitory doses of β-lactams such as amoxicillin may increase the biofilm and 
decrease the penetration of a second course of antibiotics, this promoting recurrence 
of the infection (Barkai et al., 2009). 		
 
In this study, we aimed to investigate the effects of two concentrations of antibiotics 
used for the treatment of NTHi infections on biofilm production of two clinical 
isolates with different levels of biofilm formation. 
 
4.3 Methods 
4.3.1 Haemophilus influenzae isolates used in the assay 
Two isolates were selected for this study; one was a clinical isolate (A1) previously 
shown to be a high biofilm producer, and the other a standard strain (RdKW20) 
previously shown to be a low biofilm producer (reported in Chapter 2). Both isolates 
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were from frozen stocks that were transferred into chocolate agar, and incubated	 for 
18-22 h at 37ºC and under 5% CO2 for no less than three overnight passages. Both 
isolates were then inoculated into brain heart infusion broth supplemented and 
incubated as described in Chapter 2 (section 2.2.2). 
 
4.3.2 MIC determination for planktonic cells 
MICs were determined using Etest® on Mueller-Hinton agar supplemented with 5% 
v/v defribrinated horse blood (Oxoid, Australia) and 20 mg/L of NAD, then incubated 
at 37oC in 5% CO2 for 24 h using H. influenzae ATCC 49247 as a control. The 
inoculum was prepared and applied using the EUCAST Disk Diffusion Method for 
Antimicrobial Susceptibility Testing  (Bouchillon et al., 2005,  EUCAST, 2014).  
 
The MICs were used to calculate a sub-MIC, arbitrarily determined as 20-25% of the 
MIC. MICs are traditionally measured in doubling dilutions. The aim was to calculate 
sub-MIC to be between 2 doubling dilutions (1/4 = 25%) and 3 doubling dilutions 
(1/8 = 12.5%). 
 
To ensure that the sub-MIC antibiotic concentration as calculated would not inhibit 
growth, organisms were inoculated into paired supplemented BHI broths, one with no 
antibiotic and the other with a concentration equivalent to the calculated sub-MIC and 
incubated overnight. Growth was measured by absorbance at 490 nm. 
 
4.3.3 Antibiotic  preparations  
The antibiotic solutions at MIC and sub-MIC concentrations were prepared from 
stock solutions previously prepared in accordance with the procedure  described 
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(Andrews, 2001) for the following antibiotics, amoxicillin (AMX, Sigma-eldrich, 
Germany), ciprofloxacin (CIP, Fluka analytica, USA), azithromycin (AZM, Fluka 
analytica, USA) and cefotaxime (CTX, Sigma-eldrich, Germany), and aliquoted into a 
2 mL sBHI broth. 
 
4.3.4 Biofilm-antibiotic MTP assay 
A modified microtitre plate (MTP) biofilm assay described in Chapter 2 (sections 
2.2.2 and 2.2.3) was used to investigate the effects of antibiotics on both the 
production of new biofilm, and the extension of existing biofilms. To assess the effect 
of antibiotics on the formation of new biofilm, organisms were inoculated into the 
MTP using broth containing antibiotics at either the MIC or the sub-MIC 
concentrations (see Figure 1). For each isolate, two MTPs were prepared on the same 
day and incubated for 18-24 h. The two MTP replicates were repeated on three 
different days. Each microtitre plate contained one isolate as an untreated control and 
four antibiotics: (AMX, CIP, AZM and CTX) in quadruplicate along with negative 
control. 
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Figure 1. The steps for assessment of antibiotics used in this study (AMX,CIP,AZM and CTX) 
on new biofilm incubated with the antibiotics for 24 h. 
 
The plates were incubated at 37ºC in 5% CO2. The second approach was to measure 
biofilms with two levels of drug concentrations after a total of 48 h growth; to 
examine the extension of existing biofilm production illustrated in Figure 2. For this, 
two plates were prepared by inoculating the standardised inoculum (̴ 1×10-7) for each 
well, then allowing the biofilm to grow for 24 h without adding the antibiotics. The 
planktonic cells were then discarded aseptically and new broths with concentrations of 
antibiotics AMX, CIP, AZM and CTX at two different levels of antibiotic (MIC and 
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sub-MIC) were added into 2 mL of fresh sBHI broth. These were incubated for 
another 24 h. 
	
Figure 2. The steps for assessment of antibiotics used in this study (AMX,CIP,AZM and CTX) 
on existing incubated for 24 h then with the antibiotics for another 24 h (total incubation 48 h). 
   
Final growth (FG) of both new biofilm and established biofilm (planktonic cells and 
biofilm material) was measured by reading optical density at 490 nm for the wells 
after incubation with antibiotics, and then the MTPs were washed with water (×3) and 
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stained with crystal violet for 15 min. Biofilm formation was assessed by measuring 
the amount of dissolved stain using 90% ethanol at OD 570 nm. This value was 
termed the biofilm formation (BF), a measure of the amount of biofilm grown inside 
the wells of the MTPs after 24 h. 
 
4.2.5 Statistical evaluation 
Data were analysed using one-way ANOVA with Bonferroni's multiple comparison 
test and graphed using GraphPadPrism® Version 6 software (GraphPad Software Inc, 
La Jolla, CA, USA). P value of  <0.05 was considered statistically significant.  
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4.4 Results  
4.4.1 Determination of the MIC and sub-MIC concentration for the isolates 
The two isolates were susceptible to all the antibiotics (AMX, CIP, AZM and CTX) 
according to EUCAST interpretive criteria (see Table1). Both isolates were firstly 
evaluated by incubation with sub-MIC levels of antibiotics and the illustrated levels of 
growth from evaluating the optical density 490 nm are shown in Figure 4a and Figure 
8a.  The NTHi (A1) showed adequate growth with antibiotics at 12.5% MIC, where 
only AZM showed a decrease in growth (P value < 0.05) compared to the untreated 
control Figure 4a). The RdKW20 isolate showed adequate growth for all antibiotics at 
25% MIC Figure 8a). 
	
Table 1. The MIC level after incubation of MH with Etest® in 37c at 5% CO2 with concordance 
of sub-MIC level for each antibiotic agent. 
	
 (NTHi A1)  	        sub-MIC (µg/ml)     MIC (µg/ml) 
Amoxicillin 0.5  4.0 
Azithromycin 0.25 2.0 
Ciprofloxacin 0.002 0.015 
Cefotaxime  0.006 0.047 
 (RdKW20) 
Amoxicillin   0.1  0.38 
Azithromycin 0.5 2.0 
Ciprofloxacin                    0.002 0.008 
Cefotaxime 0.004 0.016 
 
4.4.2 High biofilm producer (NTHi A1) and assessment of new biofilm formation  
	
Fig. 3a shows that the addition of antibiotic at the MIC level inhibited the growth 
compared to the no-antibiotic control (P<0.05) and that for all antibiotics, the 
production of new biofilms was also inhibited with the exception of AZM (P>0.05) 
Fig. 3b. For the sub-MIC in Fig. 4a, there was no inhibition of growth with the 
exception of AZM (P<0.05), and there was no difference in biofilm production 
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compared to the no antibiotic control for all antibiotics Fig. 4b. Therefore, the biofilm 
production after incubation with sub-MIC of the antibiotics AMX, CIP, AZM and 
CTX illustrated no modification and the antibiotics did not increase the biofilm 
production. 
 
	
	
	
Figure 3. Effect of addition of AMX, CIP, AZM and CTX at MIC concentration to starting 
inoculum of NTHi A1 on (a) planktonic growth (OD490) and (b) biofilm formation (OD570) 
after 24 hrs incubation. (*) means P<0.05 and (**) P<0.01. Bars represent the mean (±SD) of 
each group. 
	
 *                *                 *               * 
(a) 
(b) 
  **                 **                                  ** 
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Figure 4. Effect of addition of AMX, CIP, AZM and CTX at sub- MIC concentration to starting 
inoculum of NTHi A1 on (a) planktonic growth (OD490) and (b) biofilm formation (OD570) 
after 24 hrs incubation. (*) means P<0.05. Bars represent the mean (±SD) of each group. 
 
 
 
 
  
* 
(b) 
(a) 
  Antibiotic effects on NTHi biofilm. Chapter 4 
 
 
	
126 
4.4.3 High biofilm producer (NTHi A1) and assessments on existing biofilm 	
Fig. 5a shows that the addition of antibiotic to inoculum at the MIC level has not 
inhibited the growth of the planktonic cells that shed from existing biofilm.  The 
growth of bacterial cells after exposure to antibiotics compared to the no-antibiotic 
control was (P<0.05) for all antibiotics with exception of CIP (P>0.05). The biofilm 
production of MIC level of antibiotics added after biofilm establishment was also not 
inhibited (P>0.05) with exception of increase biofilm production only after AMX 
treatment (P<0.05) (Fig. 5b).   
 
In Fig. 6a, the sub-MIC shows no inhibition of the planktonic growth with antibiotics 
(P>0.05) with exception of cells growth increase with CIP that shed from existing 
biofilm. Biofilm formation was found to be at the same level as the untreated biofilm 
(P >0.05); Fig. 6b. 
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Figure 5. Effect of addition of AMX, CIP, AZM and CTX at MIC concentration to a 24 hr 
established biofilm of NTHi A1 on (a) additional planktonic growth (OD490) and (b) biofilm 
formation (OD570) after a further 24 hrs incubation. (*) means P<0.05. Bars represent the 
mean (±SD) of each group. 
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Figure 6. Effect of addition of AMX, CIP, AZM and CTX at sub-MIC concentration to a 24 hr 
established biofilm of NTHi A1 on (a) additional planktonic growth (OD490) and (b) biofilm 
formation (OD570) after a further 24 hrs incubation. (*) means P<0.05. Bars represent the 
mean (±SD) of each group. 
	
 
 
 
 
* 
(a) 
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4.4.4 Low biofilm producer (RdKW20) and assessments of new biofilm 
formation  
	
In Fig. 7a, the final growth of the isolate treated by AMX, AZM and CTX at MIC was 
inhibited (P<0.01) when compared to the untreated isolate growth after incubation. 
The formation of biofilm after treatment with antibiotics, shown in Fig. 7b, was 
similar to that of the untreated isolate (P>0.05) and was not affected by the addition of 
MIC of AMX, CIP, AZM and CTX.  
 
In Fig. 8a, sub-MIC shows no inhibition of growth of the planktonic cells that shed 
from existing biofilm after treatment with all the antibiotics when compared to 
untreated control (P>0.05). There was no difference in biofilm formation after 
treatment with the antibiotics (P>0.05) illustrated in Fig. 8b.  
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Figure 7. Effect of addition of AMX, CIP, AZM and CTX at MIC concentration to starting 
inoculum of RdKW20 on (a) planktonic growth (OD490) and (b) biofilm formation (OD570) 
after 24 hrs incubation. (*) means P<0.05 and (**) P<0.01. Bars represent the mean (±SD) of 
each group.	
	
   **                                    **                  **                 
(b) 
(a) 
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Figure 8. Effect of addition of AMX, CIP, AZM and CTX at sub-MIC concentration to starting 
inoculum of RdKW20 on (a) planktonic growth (OD490) and (b) biofilm formation (OD570) 
after 24 hrs incubation. Bars represent the mean (±SD) of each group. 
 
 
 
 
 
(a) 
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4.4.5 Low biofilm producer (RdKW20) and assessments on existing biofilm  
	
Fig. 9a shows that a MIC level of all antibiotics does not inhibit the growth of the 
planktonic cells that shed from established biofilm after exposure to antibiotics 
(P>0.05) with exception of CIP where growth increased (P<0.05) when compared to 
untreated inoculum. In Fig. 9b, AMX appeared to be trending towards and increase in 
biofilm formation when added to existing biofilm, but the effect was not significant.  
 
In Fig. 10a, the final growth does not show inhibition of the planktonic cells that grew 
after exposure to antibiotics from exciting biofilm at sub-MIC level.  Sub-MIC level 
of AMX on the existing biofilm Fig. 10b. shows an increase of biofilm (P<0.01) 
compared to the untreated isolate. The other antibiotics administered at sub-MIC did 
not showed any alteration in biofilm production.  
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Figure 9. Effect of addition of AMX, CIP, AZM and CTX at MIC concentration to a 24 hr 
established biofilm of RdKW20 on (a) additional planktonic growth (OD490) and (b) biofilm 
formation (OD570) after a further 24 hrs incubation. (*) means P<0.05. Bars represent the 
mean (±SD) of each group.	
	
	
(a) 
(b) 
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Figure 10. Effect of addition of AMX, CIP, AZM and CTX at sub-MIC concentration to a 24 hr 
established biofilm of RdKW20 on (a) additional planktonic growth (OD490) and (b) biofilm 
formation (OD570) after a further 24 hrs incubation. (*) means P<0.05 and (**) P<0.01. Bars 
represent the mean (±SD) of each group.	
	
	
	
	
	
(b) 
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4.5 Discussion	 	  
 While the Etest® is not a reference method for susceptibility testing, it is widely used 
and was considered appropriate for this study, as the results were only to be used to 
determine antibiotic levels (MIC and sub-MIC) to challenge biofilm production and 
not for determination of susceptibility or resistance and the guidance of clinical 
therapy.  
 
In the current study, AMX was shown to produce an effect on existing biofilm. We 
showed that AMX stimulates additional biofilm formation upon an existing biofilms 
even with growth inhibition of the planktonic cells. It is clearly shown from Fig. 5b 
and Fig. 10b, that AMX has a significant effect on increasing existing biofilms 
formation at MIC levels for NTHi A1 biofilms. Although, there is limited inhibition 
of the growth with sub-MIC for the cells with new biofilm and growth of cells that 
grow from existing biofilm after treatment. This NTHi isolate was confirmed as 
resistant to AMX with an MIC at 4 µg/ml as defined by EUCAST breakpoints for 
Haemophilus influenzae. Bacterial responses to antibiotics here, even with resistance, 
raises the question of whether this biofilm induction results from a specific signal 
triggered by the antibiotics (Laureti et al., 2013) or whether they are only the 
consequences of a perturbation in the cellular adhesion as a result of -lactam 
antibiotics. 
 
As shown in Fig. 4 and Fig. 6, the production of biofilm with NTHi A1 isolate was 
not affected after sub-MIC and remained similar to biofilm formation for untreated 
inoculum. In a study conducted by Wu et al. (2014), some β-lactam antibiotics were 
thought to increase and stimulate the formation of 1-day biofilm for some NTHi 
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clinical strains in different concentrations (Wu et al., 2014). This is not quite similar 
to our findings which has shown NTHi A1 biofilm increase significantly after existing 
biofilm exposure to an MIC level of AMX (β-lactam antibiotic) but not with sub-MIC 
level of AMX.  
 
The RdKW20 biofilms also shows an increase biofilm formation ability within sub-
MIC levels on an existing biofilm even though the strain was sensitive to AMX in the 
planktonic cells state. However, the cells seemed to shed from existing biofilm and 
this is may be due to increase in the resistance to AMX. This mechanism still needs 
further investigation which may due to some alteration of the cells resistance 
mechanism to β-lactams, especially with AMX.  
 
With the other antibiotics used in this study, both concentrations of CIP and CTX 
showed no effect of either enhancing new biofilm formation or removing the existing 
biofilm. However, the growth of the NTHi A1 and RdKW20 with CIP showed some 
resistance and cells were significantly increased in their growth when compared with 
the growth of untreated inoculum. This resistance of cells to CIP was not 
accompanied with an increase of biofilm or enhancement of biofilm formation. For 
the other antibiotic, AZM, there is no confirmation that AZM has any effect on 
biofilm production for NTHi isolates when added at MIC or sub-MIC levels. On the 
other hand, a study on the effect of subinhibitory concentration of AZM (macrolide) 
indicated a decrease of NTHi biomass in established NTHi biofilm (Starner, et al., 
2008). Azithromycin was also found to decrease initiating NTHi biofilm as well as the 
established biofilm at subinhibitory MIC level (Starner et al., 2008). These 
observations were not illustrated with the NTHi isolates in our study. 
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4.6 Conclusion 
There was an increase of NTHi biofilm material, when the organism was incubated 
with amoxicillin as evident from significant increase of optical density of crystal 
violet. With the two concentrations of antibiotics, sub-MIC and MIC, used on NTHi 
biofilm, the formation of biofilm varied specifically with AMX treated biofilm. The 
existing NTHi biofilm confirmed an increase of biofilm formation after addition of 
MIC level of AMX. 
 
Using the MTP assay for investigating biofilm formed by the clinical NTHi isolate 
and the standard Haemophilus influenzae isolate gave us a simple and direct 
examination of the impact of the two levels of concentration of AMX, CIP, AZM and 
CTX. The effect of AMX on NTHi biofilm enhancement requires further analysis to 
determine which part of the biofilm is stimulated to increase the biofilm biomass.  
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Abstract 
NTHi biofilm variability in vitro may also be related to differences in the chemical 
features of the biofilm from different strains of NTHi. Studying the conformational 
changes and the relative differences in some chemical functional groups, such as 
proteins, carbohydrates, nucleic acids and lipids, and their association with each other, 
will promote a better understanding of NTHi biofilms.  
 
Fourier transform infrared spectroscopy (FTIR) is an analytical non-destructive 
technique requiring minimal sample preparation. It was applied to study biochemical 
changes over around 0.1-10 mm NTHi biofilm surfaces generated by two 
Haemophilus influenzae Hi strains (NTHi and RdKW20 isolates) that had different 
levels of biofilm formation. In this study, NTHi biofilm in vitro growth was first 
analysed over a large spot size (~8 mm) using an IR  benchtop spectrometer. A 
Pseudomonas aeruginosa positive control (PAO1) was also analysed because the 
ability of PAO1 to grow biofilm on a CaF2 disc surface has been previously assessed 
(Cheung et al., 2007). Then, an IR microscope was used to analyse the biofilm with 
two different spatial resolutions of 100 µm and 2.7	µm. Infrared hyperspectral images 
were produced to study the two dimensional (2D) spatial distribution of biofilm 
chemical functional groups. Data from these images were analysed by various 
multivariate approaches. The integral of the IR spectrum encompassing the protein 
and carbohydrates regions (1790 cm‒1 to 950 cm‒1) were used to evaluate relative 
biofilm production by the test organisms. The integration ranged from 8.13 for the 
NTHi, to 4.28 and 6.47 for RdKW20 and PAO1 respectively. Changes in the intensity 
of these regions and variation of the ratio between proteinceous and polysaccharide 
material within the 2D spectral array of the cellular and slime parts of all isolate 
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biofilms were spatially visualised. Principle component analysis (PCA) of the spectral 
data, selected from high growth area and low growth areas of the biofilm formed by 
the two Haemophilus influenzae isolates, confirmed that the cellular aggregates and 
extracellular polymeric substances (EPS) in the high growth areas of the RdKW20 
biofilm chemically clustered with the thin growth areas (EPS only) formed by NTHi 
A1 biofilm. Multivariate analyses of the IR hyperspectral images were used to 
identify specific spectral clusters and visualise the spatial distribution of proteins and 
carbohydrates as major components of the biofilm. Variation in the biofilm coverage 
by NTHi, when formed in vitro, correlated with the spatial distribution of functional 
groups, demonstrated the presence of chemically heterogeneous biofilm.  
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5.1. Introduction 
In general, the chemical components of biofilm are composed of substances from the 
bacterial cell wall and genetic material of the bacterial cell (Donlan and Costerton, 
2002). The composition and structure of biofilm are believed to be formed by a stress 
response to environmental changes, and is due to specific mutations in the genetic 
information of the bacterial cells (Donlan and Costerton, 2002).  The polysaccharide 
component of biofilm has a potential role in the adhesion and antigenic reaction of 
bacterial cells in the form of cellular and extracellular substances (Vu et al., 2009) in 
addition to capsular polysaccharides that may play a role in biofilm formation for 
some bacteria (Di Xia et al., 2014, Andersson et al., 2009).  Biofilms with 
extracellular polymeric substances contain exopolysaccharide as a main ‘cement’ for 
the biofilm (Sutherland, 2001, Costerton et al., 1999). In Gram-negative bacteria, 
polysaccharide is a major component of the cell wall and is composed of 
lipopolysaccharide. NTHi  (which are non-capsulated Haemophilus influenzae 
species) are believed to be lacking O-antigens that link to the inner core of the 
lipopolysaccharide, and NTHi possesses lipooligosaccharides instead. These 
lipooligosaccharides react with sialic acid to attach to the host epithelial cells 
(Jurcisek and Bakaletz, 2007, Swords et al., 2004, Langereis and Hermans, 2013). 
Therefore NTHi aggregation of cells and maturation of biofilm is a chemically 
different process characterised by the presence of oligosaccharides which have fewer 
glycoforms than polysaccharides. Thus the variability of NTHi strains in relation to 
biofilm formation may be associated with the chemical components that NTHi biofilm 
possess during biofilm production and, secondly, the EPS chemical components 
which may be unique in NTHi biofilm. 
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FTIR spectroscopy is a non-invasive analytical method that is used here to examine 
the biofilm functional groups. This method functions by analysing the absorption of 
infrared light that correlates with specific molecular functional group vibrational 
modes. The amount of IR light absorbed by the molecular structure can be quantified 
and IR intensities correlate with the concentration of functional groups according to 
the Beer- Lambert law (Lin-Vien et al., 1991). Absorbance at a given wavenumber 
can be obtained by the Beer-Lambert equation A = ɛ × l  × c where (ɛ) is the molar 
absorbance coefficient, (l) is the pathlength and (c) is the concentration of the 
component in the sample. According to the IR absorbance, a plot of absorbance versus 
wavenumber (cm-1) yields an IR spectrum (described in Chapter 1 section 1.2.1). IR 
spectra show all the major chemical functionalities present in the biofilm, which in 
this case is a very complex mixture. There are five spectral regions that are dominated 
by different functional groups for the bacterial cell chemical components: lipids, 
proteins, nucleic acids and carbohydrate (Burgula et al., 2007).  Infrared spectra of the 
microbiological material were collected in transmission mode using an IR-transparent 
CaF2  disc on which the biofilm was grown. Along with the quantitative measurement 
of the IR spectral regions, spatial distribution of the chemical component information 
by FTIR microscopy was applied to the mature biofilm grown by the NTHi isolate. 
The characterisation of the overall chemical composition of NTHi biofilms provides a 
holistic description of the macromolecule(s) for the cell aggregates and (EPS) of 
NTHi biofilm over a small scale (10 mm). Quantitative characterization over an area 
of 8 mm diameter for NTHi mature biofilm by FTIR has not been performed to 
date.  The incorporation of 2D IR imaging shows the spatial distribution of chemical 
functional groups and enhances our knowledge about the chemical distribution of 
carbohydrates, proteins and lipids in NTHi biofilms. 
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Application of FTIR imaging for microbiological samples has been slow to develop, 
but is promising. It has been applied to classify and identify bacterial cells and 
measure metabolic changes during the formation of different phenotypic processes 
and biofilm maturation (Naumann, 2006). FTIR spectroscopy now has potential for 
studying biofilm maturation, components and recalcitrance to antibacterial treatment 
(Wolf et al., 2002, Lu et al., 2012b, Paquet-Mercier et al., 2014). Using an IR 
microscope with a focal plane array detector, images can be obtained with a particular 
setup of pixel size ≈ 2.7 µm. This high resolution imaging is a novel approach to 
study the IR features of molecular distribution within biological tissues, including 
biofilm (Serra et al., 2007). Multivariate analysis of the spectral data, such as 
principal components analysis (PCA), can help to analyse the complex spectra 
obtained from biological samples. Basically, PCA decomposes the spectra into 
‘principal components’ (PCs) that summarizes the spectral data matrix, and reduces 
the data to a few PCs that describe the majority of the spectral variance. PCs appear in 
descending order, each successive one of which describes less and less variance 
(described in Chapter 1 section 1.2.4.2.1).   
 
Mature biofilm (after 24 h) that is formed by other microorganisms showed increased 
carbohydrate to protein ratio compared with the ratio value of the early stages of 
bacterial growth (Serra et al., 2007). Serra and co-workers (2007) showed that the IR 
bands for carbohydrate absorption in mature biofilm increased at a higher rate than the 
protein bands, such as amide II band. From Chapter 2, variability of the in vitro 
formation of biofilm by different NTHi strains was confirmed using a crystal violet-
staining assay. We hypothesise here that the ratio of some chemical functional groups, 
such as the carbohydrate to protein ratio, could vary between the high biofilm 
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producing NTHi strain and the low biofilm producing strain similar to biofilm formed 
by other species studied by FTIR spectroscopy (Serra, et al 2007, Quilès and 
Humbert, 2014). Analysis of the carbohydrate and protein regions from IR absorbance 
may indicate the level of biofilm formation (Humbert et al., 2011). Exploring the 
variation of these spectral regions and the spatial distribution of carbohydrate and 
protein regions may provide an estimate of how the NTHi biofilm varies in formation 
over an area from 0.1 to 10 mm. The biofilm chemical constituents were estimated by 
IR spectral information of the regions of biofilm growth on the surface at a spot size ≈ 
8 mm and obtaining individual spectra. Then, IR data was obtained using an IR 
microscope with a spot size of about 100 µm and down to 2.7 µm for high resolution. 
Chemical analysis of EPS produced from different microorganisms has been reported 
in other studies of biofilm which confirmed that spectroscopic markers include 
polysaccharides, lipopolysaccharides and protein (Bosch et al., 2006).  
 
 The aims of this study were to investigate potential differences in biofilm chemical 
composition formed by two different Haemophilus influenzae strains, and to apply 
unsupervised multivariate analysis to the FTIR microspectroscopy data in order to 
identify the spatial distribution of specific chemical markers in NTHi biofilm. 
 
5.2. Methods 
5.2.1 Bacterial samples growth and culture conditions 
An NTHi clinical isolate (NTHi A1) that was confirmed previously in Chapter 2 to 
have high biofilm production, and a standard isolate (RdKW20) with low biofilm 
production were chosen as the model H. influenzae strains for this study. The 
Pseudomonas aeruginosa strain, PAO1, also known as a high biofilm producer, was 
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selected as the positive control organism. The bacterial cells were harvested from 
overnight incubated chocolate agar and inoculated into sBHI broth and incubated for 
18 h at 37ºC and 5% CO2. 
 
5.2.2 Biofilm formation assay 
Bacterial biofilms were prepared using a protocol developed for the MTP biofilm 
assay as reported in Chapter 2.  Microtitre plates (Costar 24 well plate, Corning 
Incorporated, USA) were inoculated with 2 ml of standardised bacterial broth to about 
1X10⁷ CFU/ml. A sterile CaF2 window (10 mm diameter, Crystran Limited, UK) was 
performed in two steps. First, CaF2 window were cleaned using 70% ethanol then 
autoclaved in steam pressure 120ºC for 15 min. This CaF2 window was inserted into 
each well then incubated for 24 hours at 37ºC and 5% CO₂. After incubation, the CaF2 
discs were washed off three times with water and let dry for half an hour at room 
temperature before IR analysis as described by Naumann (2006). These experiments 
were repeated (n=10) for the FTIR microspectroscopy methods. 
 
5.2.3 FTIR spectroscopy data collection 
Transmission mode FTIR spectra were recorded on a Vertex 70 spectrometer (Bruker 
Optik, Germany) with a liquid nitrogen-cooled mercury-cadmium-telluride (MCT) 
detector.   Spectra were collected from 3900 cm-1 to 800 cm-1. Hyperspectral images 
were recorded with a Bruker Hyperion 3000 microscope (Bruker Optik, Germany) 
coupled with a liquid nitrogen-cooled MCT detector with spectral range 4000 cm-1 to 
820 cm-1 then with a focal plane array (FPA) 64×64 detector with spectral range 3800 
cm-1 to 950	 cm-1. Spectral resolution for all transmission spectra acquisition and 
hyperspectral images was 4 cm-1. The samples were measured under continuous 
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purged dried air to reduce the interference of water vapour from the atmosphere with 
128 scans of the sample and the background using a blank CaF2 disc. This method 
was carried out for all ten replicates of biofilm grow on CaF2 discs for each of the 
three bacterial strains.  
	
5.2.3.1 Hyperspectral mapping using single point detector 
Hyperspectral images using a single point were recorded using a 15× objective lens 
with numerical aperture =0.4 attached with microscopy camera (Infinity1, Lumenera, 
Canada). The step size of the hyperspectral image was 100 µm and the sampling area 
range 2×2 mm.  The aperture size was about 160 µm. Hyperspectral images were 
obtained for three of the ten biofilm preparations from NTHi A1 and RdKW20. 
 
5.2.3.2 Hyperspectral mapping using single point detector FPA detector  
A FPA detector (64×64) was used to produce hyperspectral images with a fixed pixel 
size of 2.73 µm within a sampling area of 680 µm.  A total of 1024 scans were 
recorded for background and sample. One FPA image is 64×64 pixels with an 
approximate area of 175×175 um. Recording 4×4 of these images was performed to 
create a larger image. This was carried out one selected biofilm preparation from 
NTHi A1 and RdKW20. 
 
5.2.4 Raman Spectroscopy 
A Renishaw In Via® Raman microspectrometer (Renishaw, UK) was used for spectral 
acquisition of the biofilm. A 532 nm excitation laser was used in streamline mode 
recording a spectral region of 668 cm-1 to 3147 cm-1 with a grating of 1200 l/mm. A 
50× objective lens with numerical aperture of 0.75 was used and the laser power was 
adjusted to 2.4 mW at the sample with a 120 s exposure time. The spot size for the 
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laser was 1.3 µm with step size 1µm. The mapping size then was about 47×40. This 
was performed on one biofilm preparation of NTHi A1. 
 
5.2.5 Spectral manipulation and evaluation 
Spectral pre-processing was performed using the OPUS 7.2 software (Bruker Optik, 
Germany). Atmospheric compensation and averaging of the spectral data was 
performed for all individual spectra (n=10) using the OPUS atmospheric 
compensation and averaging functions. Peak area integration was calculated as an 
average of the ten spectral acquisitions by measuring the peak area above a baseline 
generated between two wavenumber points. The quantification of these areas was 
performed using the OPUS software in addition to the ratio for these integrations. The 
spectral ranges were cut for both one single spectrum recording and for the 
hyperspectral images to the bands of intensities 3000 cm-1 to 2769 cm-1 and 1750 cm-1 
to 950 cm-1. Integration of the peaks for the hyperspectral images was performed by 
the integration function and peak ratios were applied to several peaks by using the 
trace ratio function within the software. Data were analysed using the student t-test 
with Microsoft Excel®. P value of  <0.05 was considered statistically significant. 
 
Spectral pre-processing was performed for multivariate analysis of the 2D IR 
hyperspectral images with atmospheric compensation in the form of 2nd derivatives 
(Savitzky-Golay algorithm with 13 smoothing points) and vector normalisation. For 
Raman spectra, data pre-processing was performed using cosmic ray removal and 
noise filter with 12 PCs by using WiRe 4.1 software (Renishaw, UK). The 2nd 
derivatives were performed to the Raman map to analyse the spectral data with 
multivariate analysis. 
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5.2.5.1 Multivariate analysis for the hyperspectral images 
From selected images of the 160 × 160 µm pixel size images obtained from NTHi A1 
and RdKW20 biofilms, twenty spectra were selected for further analysis. From each 
image, ten spectra were selected from spots with high biofilm growth and ten from 
spots with low biofilm growth which were determined from creating an integration 
image at 1750 cm-1 to 950 cm-1 region and then select the individual spectra. 
 
These spectra were imported into UnscramblerX® software version 10.1 (CAMO 
software, Norway) for principal component analysis (PCA), after pre-processing steps 
were performed for the twenty spectra as described in the previous section. For this 
PCA model, two spectral ranges were selected: from 3000 cm-1 to 2769 cm-1 and 1752 
cm-1 to 952 cm-1.  
 
Cluster analysis of the hyperspectral data from the same selected images was 
performed using the OPUS® software (Bruker Optik, Germany)  and then applying a 
standard method (Euclidean distance then Wards algorithm). Dendrograms were 
produced from the clustering analysis and three to five cluster images were produced 
using this method. The selection of the number of clusters for the clustering images 
were according to the number of distance separations between clusters that were 
formed by the dendrograms.  
 
These steps were also performed using the Cytospec v.1.4.03 software (Cytospec®, 
Germany). Hierarchical cluster analysis (HCA) was performed with data pre-
processed using the Euclidean method and Ward’s algorithm. Each cluster was colour 
Exploratory approach for NTHi biofilm using FTIR microspectroscopy. Chapter 5 
	
 
	
152 
coded to display the component separation within the dendrogram and the spatial 
distribution in the image. 
 
PCA was also performed on the pre-processed data within the 2000 cm-1 to 950 cm-1 
range using OPUS software or Cytospec and selecting the region from 2000 cm-1 to 
950 cm-1.  
  
For the pre-processed Raman data hierarchical cluster analysis (HCA) was performed 
with data using the Euclidean method and Ward’s algorithm. Each cluster was colour 
coded to display the component separation within the dendrogram and the spatial 
distribution in the image. These steps were performed using Cytospec v.1.4.03 
software (Cytospec®, Germany). 
 
5.2.6 Optical microscopic images 
All isolates analysed in this study were examined optically with 10× objective, NA= 
0.3 using a Leica microscope (Leica, UK) attached with video camera (Philips 
SPC1030NC webcam, UK). 
 
5.2.7 Scanning Electron microscope (SEM) 
The samples were fixed overnight with 2.5% glutaraldehyde in phosphate-buffered 
saline (PBS) then the CaF2 discs were rinsed three times for ten minutes with PBS 
prior to dehydration with graded ethanol. The discs were then immersed into 20%, 
40%, 60%, 70%, 80%, 90% and 100% ethanol for 20 min for each grade. Then the 
discs were dried at room temperature and mounted onto aluminium stubs and sputter 
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coated with gold. The biofilm was examined using Hitachi SU-70 scanning electron 
microscope (SEM) (Hitachi High Technologies, Japan).	
 
 
5.2.8 Statistical analysis 
The mean and standard deviation of the integrated peaks of the spectra and one-way 
analysis of variance for the ratio between peaks were obtained using Microsoft Excel 
2010. 
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5.3. Results and discussion  
The main focus of this study was to explore the spectral data for the NTHi biofilms 
grown in vitro acquired by FTIR spectroscopy, obtained as overall individual spectra 
and as hyperspectral images. In order to firstly visualise the biofilm growth over the 
surface of the CaF2 discs, the biofilms were analysed by optical light microscopy (Fig. 
1a and 1b). For NTHi A1, shown in Fig. 1a, the numbers of cells clusters with a 
smaller number of individual cells and coverage of biofilm material were less patchy 
than the RdKW20 low biofilm producer (Fig. 1b) which has shown clear dispersed 
individual cells over the surface of CaF2 disc. The SEM image in Fig. 1c, shows the 
clusters of aggregate cells with an approximate size of 10 µm and deposits of 
materials is that thought to be EPS. Fig. 1d shows individual cells which are dispersed 
in this smaller scale (10 µm). These images confirm that the NTHi isolate form more 
biofilm material than isolate	 RdKW20, which is consistent with the crystal violet 
assay results previously reported in Chapter 2 (section 2.3.1).  
 
Biofilms were grown and analysed with FTIR spectroscopy and microspectroscopy 
within 22-24 h incubation of the initial inoculum. The growth of sessile cells and 
formation of EPS were allowed to form for the analysis. Studies of biofilm with FTIR 
showed that chemical fingerprints and major chemical group variation can be related 
to aggregates cells (sessile cells) that form within the slime of the biofilm between 8 h 
and 24 h growth (Quilès and Humbert, 2014). 
 
 
 
 
Exploratory approach for NTHi biofilm using FTIR microspectroscopy. Chapter 5 
	
 
	
155 
  
	
Figure 1. (a) NTHi A1 and(b) RdKW20 biofilm optical images (×10). SEM images within 10 
µm scale (c) NTHi A1 where blue arrows shows slime material deposited on the CaF2 discs 
and clusters of bacterial cells aggregation that secreted the slime. (d)  RdKW20 with less 
cellular aggregates. 
 
5.3.1 Chemical analysis for FTIR spectra of NTHi biofilm 
IR spectra from each bacterial isolate were obtained across each sample (n=10) then 
the average of these spectra for each isolate was calculated to give a representative 
spectrum. The averaged spectra for each isolate are presented in Fig. 2.  
 
A CaF2 disc incubated with broth only without isolate inoculum was analysed by 
using the same method of FTIR to investigate if there were any nutrient residuals 
remaining after the cleaning and washing methods of the discs that could overlap with 
the biofilm IR spectra. This analysis showed that there was no major IR spectra 
contribution from washed CaF2 discs formed by the sBHI broth. 
100 µm 
b a 
c d 
100 µm 
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Figure 2.  The average of IR spectra for five regions of biofilm intensity bands for NTHi A1 
(blue),  RdKW20 (red) and PAO1 (black).  
 
The averages of the individual spectra describe the chemical information of the whole 
biofilm growth over surface area of 10 mm (measured by IR within 8mm spot size). 
These highlighted regions in the spectra representing functional groups were; lipid 
bands which were evaluated from the CH2, CH3 functional group that are located in 
the CH stretching region from 3000 to 2830 cm-1; protein contents from the area of 
amide I from 1730 to 1590 cm-1 and amide II from 1590 to 1490 cm-1; nucleic acid 
region from 1280 cm-1 to 1190	 cm-1 and DNA/RNA containing region 1490 cm-1 to 
1000 cm-1 and Amide III and the carbohydrate band for the polysaccharide profile 
from 1140 cm-1 to 950 cm-1.  
 
Fig. 3 shows the CH stretching bands in region of wavenumber from 3000 cm-1 to 
2700 cm-1. This region is influenced by functional groups of membrane fatty acids 
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which is dominated by C-H stretching of –CH3 and >CH2 (Alvarez-Ordonez et al., 
2011).  
 
Fig. 4 shows two peaks of amide group belonging to proteins and peptide. The very 
intense peak is the amide I which provide information on protein structure. This peak 
in wavenumber from 1700 cm-1 to 1600 cm-1 provides changes in α-helix and β sheet 
structure of protein secondary structure (Kong and Yu, 2007, Alvarez-Ordonez et al., 
2011). Amide II peak appears next to amide I at wavenumber from 1590 cm-1 to 1490 
cm-1. This peak dominated to the changes in proteins at NH stretching in the molecule 
of secondary amide –C (=O)NH-R (Lin-Vien et al., 1991).   
 
	
Figure 3. CH stretching band in wavenumbers from 3000 cm-1 to 2700 cm-1. These two peaks 
includes CH2 and CH3 functional groups mainly for lipids in biofilm.	
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Figure 4. Amide I and amide II bands in wavenumbers from 1730 cm-1 to 1590 cm-1 and from 
1590 cm-1 to 1490 cm-1.	
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Figure 5. Three or more peaks overlapped and influenced by protein (amide III), fatty acids 
and phosphate compounds (P=O). Region from 1490 cm-1 to 1200 cm-1.  
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Figure 6. Complex carbohydrate peaks from 1200 cm-1 to 950 cm-1. 
 
The region from 1490 cm-1 to 1200 cm-1 has a number of peaks (Fig. 5) influenced by 
complex functional groups. Changes in this region are attributed to changes in 
proteins (mainly amide III), fatty acids and phosphate carrying compound (P=O) 
(Alvarez-Ordonez et al., 2011). Fig. 6 shows the region between 1200 cm-1 to 950 cm-
1. This region is dominated by the symmetric vibrational mode of C-O-C and C-O-P 
stretching of occurrence for carbohydrate in the bacterial cell wall and some due to 
phosphodiester bond in nucleic acids (Alvarez-Ordonez et al., 2011, Naumann, 2006).  
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Analysing the spectral integration value for bands from 1795 cm-1 to 950 cm-1 region 
is mainly considered to be a biofilm evaluation marker to distinguish between the 
ability to form biofilm in three isolates. Integration of this region which includes 
proteins and carbohydrate bands illustrates biofilm-type-specific profiles between 
isolates. The values of this integration for NTHi A1, RdKW20 and PAO1 were 
quantified and show 8.13, 4.28 and 6.47 respectively. According to Beers law 
(described in section 5.1), is constant, c (concentration) may be constant (100% 
biofilm) but may be variable if the density of biofilm is different across the biofilm 
and  l (path length) that also is variable.  On average (over the 8mm) the NTHi 
biofilm had double the thickness compared to the RdKW20 biofilm. These values are 
in the same trend as biofilm density measured by the crystal violet method which is 
reported in Chapter 2 that categorise NTHi A1 and PAO1 as high biofilm producer 
and RdKW20 as low biofilm producer. The spectroscopic analysis by integrating the 
region 1790 cm-1 to 950 cm-1 was established in previous FTIR spectroscopic analysis 
of biofilm as a key biochemical marker for changes in biofilm specific components 
(Holman et al., 2009). Our hypothesis here is that the formation of biofilm with EPS 
by the NTHi strain has similar overall chemical characteristics as other species 
biofilm such as Bordetella pertussis, Streptococcus pneumoniae and Pseudomonas 
aeruginosa (Bosch et al., 2006, Nivens et al., 2001, Donlan et al., 2004).  
 
Individual integration values of the different spectral regions for the three-biofilm 
samples are illustrated in Table 1. The most intense band in the IR spectra is the 
amide I peak (1700 to 1600 cm-1) with a mean integration value and SD of 2.024 
±0.97 for NTHi A1 which is similar to PAO1 (2.19 ±1.04). This band has shown low 
integration value in RdKW20 biofilm (0.98 ±0.72) with P<0.001 compared to the 
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other two isolates. This pattern between NTHi A1 biofilm and PAO1 biofilm (P>0.05) 
was also identified for the CH stretching, amide II and P=O bands of nucleic acids. 
These integration values are correspondently lower in RdKW20 biofilm (P<0.05). 
Specifically the amide II band area has been previously reported to be indicative of 
biofilm growth after more than 24h (Serra et al., 2007, Quilès and Humbert, 2014).  
 
Table 1. Mean (± SD) of integration values (n=10) for each integrated region obtained from 
mean IR spectra of biofilm from three bacterial isolates. Each region is associated with 
chemical functional groups that are characteristic of biofilm. Fatty acids (CH stretching 3000 
cm-1 to 2830 cm-1), proteins (Amide I 1730 cm-1 to 1590 cm-1), proteins (Amide II (1590 cm-1 to 
1490 cm-1), DNA/RNA (P=O band and amide III 1280 cm-1 to 1190 cm-1, 1490 cm-1 to 1000 
cm-1) and carbohydrates (1140 cm-1 to 950 cm-1).     
Isolates CH stretching Proteins 
(Amid I) 
Proteins 
(Amide II) 
DNA/RNA 
from P=O 
band and 
amide III  
Carbohydrates  
NTHi A1 
biofilm  
0.55 ±0.26 2.03 ±0.97 0.73 ±0.35 0.28 ±0.13 0.65 ±0.28 
RdKW20  
biofilm  
0.26 ±0.22 0.98 ±0.72 0.35 ±0.25 0.09 ±0.08 0.34 ±0.25 
PAO1(positive 
control) 
0.58 ±0.29 2.19 ±1.04 0.73 ±0.33 0.33 ±0.161 0.97 ±0.46 
 
PAO1 biofilm has the largest carbohydrates bands integration value and is 
significantly lower in NTHi A1 biofilm and RdKW20 biofilm (P<0.05). PAO1 is a 
well-known biofilm forming species and FTIR analysis of biofilm development on 
CaF2 discs has shown constant formation of polysaccharide and proteins (Cheung et 
al., 2007). In the current study, production of a carbohydrate enriched matrix is 
related to the biofilm architecture and considered as a marker for biofilm maturation 
for NTHi A1 biofilm despite the fact that carbohydrate band value here is less than 
PAO1 biofilm. Carbohydrate bands have high integration values which have reported 
for other biofilm in previous studies (Humbert et al., 2011, Quilès and Humbert, 
2014, Donlan et al., 2004). By comparing PAO1 biofilm with NTHi biofilm values of 
carbohydrate and protein integrations bands area 0.97 and 0.67 and 2.19 to 2.02 
respectively, NTHi biofilm display the presence of proteins and polysaccharides.  
Exploratory approach for NTHi biofilm using FTIR microspectroscopy. Chapter 5 
	
 
	
163 
In the current study, the biofilms were dried at room temperature prior to 
measurement by transmittance FTIR spectroscopy, therefore, the water vibrational 
mode may have less effect on amide I bands than that observed with previous biofilm 
studies. It is well documented that water also absorb in the region of proteins (1700 to 
1515 cm-1) and water content may vary in biofilm with time and during spectral 
acquisition (Donlan et al., 2004, Kong and Yu, 2007). Amide I and amide II are 
always related to each other and the intensity of amide II is usually half to one third of 
the amide I band (Donlan et al., 2004).  
 
Relative changes between carbohydrate bands and protein bands (amide I and II) were 
assessed from the ratio of integration value for the three biofilms in Table 2. The ratio 
of the band integrations for carbohydrates and amide I in this analysis are quite 
different (P>0.05) for NTHi A1 biofilm, RdKW20 biofilm and in PAO1 biofilm. 
Individual spectra of the biofilm here for mature NTHi A1 biofilm and RdKW20 
biofilm (22-24 h) show no major difference for amide I compared to carbohydrate. 
The carbohydrate to amide II ratio show high values (1.34±0.15) for PAO1 biofilm 
but slight lower values for RdKW20 biofilm (1.01 ±0.36 ) (P<0.05) and the lowest 
ratio between these three biofilm was for NTHi A1 biofilm (0.87±0.08)  indicating  
that NTHi biofilm has a relative higher amide II value. 
 
Table 2. Average of the ratio between spectral integration for the five assigned bands of FTIR 
spectral acquired from the three biofilms grown on CaF2.  
Isolates CH/carbohy-
drate 
CH/amide I Carbohydrate
/amide I 
Carbohydra
te /amide II 
amide I/ 
P=O and 
amide III 
Carbohydrate 
/P=O and 
amide III 
NTHi A1 
biofilm  
0.81± 0.08 0.26  ±0.02 0.46± 0.18 0.87 ±0.08 7.29±0.32 2.40 ±0.23 
RdKW20 
biofilm  
0.74 ±0.23 0.25 ±0.06 0.37  ±0.14 1.01 ±0.36 10.6  ±1.97 3.82 ±1.39 
PAO1 
(positive 
control) 
0.59 ±0.03 0.26 ±0.05 0.45 ±0.04 1.34 ±0.15 6.69 ±0.44 2.97±0.27 
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Amide II seems higher in NTHi A1 biofilm than RdKW20 biofilm and PAO1 
comparing to carbohydrate. This ratio may indicate relative changes of the –NH 
stretching in secondary protein structure involved in biofilm structure compared to the 
C-O-C and C-O-P stretching of the bacterial cell walls. This carbohydrate to amide II 
ratio may illustrate the contribution of the cell adhesion and production of sugar 
components in the PAO1 biofilm and RdKW20 biofilm. Relative changes in the 
integration between the carbohydrate region and amide I and II region has shown to 
be correlated to a mature biofilm feature (Serra et al. 2007).  
 
The ratio for CH stretching to amide I show very similar values for all the three 
isolates. The difference in lipid contents relative to amide I is the same in all three 
biofilms. However, CH stretching to carbohydrate bands show similar ratio for NTHi 
A1 and RdKW20 biofilms but low in PAO1 biofilm (P<0.05). It seems that CH 
stretching dominated by lipid in the biofilm was greater in NTHi A1 and RdKW20 
biofilm than in PAO1 in relation to carbohydrate. Pink et al. (2004) interpreted CH 
stretching region in PAO1 biofilm which dominated after 20 h of incubation (Pink et 
al., 2004). The CH stretching region seems not dominated in our study and it appears 
in low value of integration and relative to carbohydrate for PAO1 biofilm compared to 
NTHi biofilm. 
 
The ratio of amide I to P=O and amide III bands show similar values for NTHi A1 
and PAO1 biofilms but was significantly higher for RdKW20 biofilm (P<0.05), see  
Table 2. This ratio indicates that amide I has shown differences over the biofilm for 
NTHi A1 and PAO1 biofilms which are less than RdKW20 biofilm. RdKW20 biofilm 
may have less cellular aggregates than NTHi A1 and PAO1. P=O changes within 
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nucleic acids contents and no difference for amide III appear dominant in RdKW20.	
The ratio between amid I to amide III and P=O peaks could provide information of the 
variance of protein production within NTHi biofilm. The region between 1490 cm-1 to 
1190 cm-1 may report on some of the protein and nucleic acid differences involved in 
biofilm production of the three different biofilms. Calculation of the ratio between 
amide I peak to amide III and P=O region may quantify the accumulated protein and 
nucleic acids at the surface growth of NTHi biofilm.  Fewer aggregates of cells in 
RdKW20 biofilm were examined in optical and SEM images which may lower the 
amount of active changes of P=O in nucleic acids. 
 
Ratio of carbohydrate bands to P=O shows some variation over the value of the three 
different biofilms.  Carbohydrate to amide III and P=O ratio may be related to the 
molecular activity of proteins cellular synthesis. The RdKW20 produces less biofilm 
material which means cellular components form higher level of proteins and lower 
levels of carbohydrate in parallel to the results of Wu et al. group (2014). NTHi 
biofilm with only cellular components of the biofilm fraction show higher ratio of 
proteins comparing to carbohydrate (Wu et al., 2014).  
 
Obtaining the individual spectra of the biofilm material that grows on the surface of 
the CaF2 disc for both biofilm producers by using transmittance IR is an advantage 
over other traditional methods as it may apply analyse macromolecules over a surface 
area (8 mm). 
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5.3.2 Analysis of the two areas of biofilm  
Pseudo-colour images of the hyperspectral data were created from the integration 
values of the region from 1795	 cm-1 to 950 cm-1 for both NTHi A1 and RdW20 and 
are displayed in Fig. 7 and 8.  The numerical value for each pixel in these images 
represents the integration value of IR spectra from 1795 cm-1 to 950 cm-1. The colour 
illustrated in Fig. 7 NTHi A1 represents the integrations value from 9.23 to 24.0 and 
for Fig. 8 RdKW20 from 1.45 to 13.8 going from dark blue to white.  The heat map 
represents these values in the form of colour as given in the colour scale in the figure. 
Beer-Lambert law determines that absorbance of the region from 1795 cm-1 to 950 
cm-1 correlates to the path length (thickness of the sample) if the absorptivity (one 
band) and concentration were fixed. In order to analyse the spectral data from 
different thickness areas of the biofilm, spectra were extracted from the hyperspectral 
image by visually selecting spots of two areas of the growth.  
 
These two areas of growth were also clearly distinguished from light microscopic and 
SEM images Fig. 1a & b for both NTHiA1 and RdW20 for the high growth areas and 
low growth areas evident in these heat maps. Each spot selected from the two area of 
NTHi A1 and RdKW20 biofilm represents one spectrum. In Fig. 7b two spectra are 
displayed to show the difference of intensities between the spectrum from thick area 
and the spectrum from thin area. Fig. 8b shows the two spectra from two selected 
spots from thick area and thin area of RdKW20 biofilm. 
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Figure 7. Left: False colour map displaying integration from1790 cm-1 to 950 cm-1 for NTHi 
biofilm. Right: spot selection for extracted spectra, black spots are the high biofilm growth and 
grey spots are the low growth. (b) Typical spectra for black and grey selected spots.	
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Figure 8. Left: false colour map displaying integration from1790 cm-1 to 950 cm-1 for RdKW20 
biofilm. Right: spot selection for extracted spectra, black spots are the high biofilm growth and 
grey spots are the low growth. (b) Typical spectra for black and grey selected spots. 
	
To investigate the main variation of these two areas in the two biofilm NTHi A1 and 
RdKW20), the twenty spectra for each biofilm were pre-processed using 2nd 
derivatives and PCA analysis performed as unsupervised analysis to show the 
chemical variation of these spectra. Fig. 9a shows the twenty spectra are clustered 
together in PC1 versus PC2 score plots. These scores plots of PC1 versus PC2 were 
generated from principle component analysis of the pre-processed data. The 2nd 
derivatives are used for this PCA analysis to initially explore the chemical differences 
between the spectra and to consider the high and thin area of the sample extracted. 
PC1 explains 99% of the total variance and clearly distinguished the high growth area 
from the low growth areas of both isolates (Fig. 9a). The thick area of RdKW20 with 
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black colour displays similar scores in PC1 to the thin area of the NTHi A1 with red 
colour in Fig. 9a. The thin of NTHi A1 biofilm shows distinct and different scores 
value to the NTHi A1 (blue colour) of thick area in PC1 and but similar scores value 
in PC2. Similarly, PC2 scores for the thin area for RdKW20 biofilm (green colour) 
show similar score value of NTHi A1 biofilm. These score suggest that some spectral 
features represented by the score can be distinguished from PC1 and other feature 
with PC2. These spectral features can be investigated more from the corresponding 
loading graph of the PCs. 
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Figure 9. (a) Score plot of PC1 versus PC2 show the NTHi (high biofilm producer) thick area 
in (blue) thin area in (red). RdW20 (low biofilm producer) thick area (black) thin area (green). 
(b)  loading graph of PC1 for the pre-processed that shows 99% of the variation.    
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Figure 9. (c) Score plot of PC2 versus PC4 shows the NTHi (high biofilm producer) thick area 
in (blue) thin area in (red). RdW20 (low biofilm producer) thick area (black) thin area (green). 
(d) PC2 and PC4 of the 2nd derivatives and 13 smoothing points which normalised by vector 
normalisation.	
 
The loading graph in Fig. 9b highlights the main chemical variance, mainly PC2 in 
the protein intensity region and the carbohydrate region. In the loading graph, the 
protein region of 1706 cm-1 shifted in PC2 to 1702 cm-1 and there was peak shift from 
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1658 cm-1 in PC1 to 1635 cm-1 in PC2. These points show peaks dominated by the 
difference of α-helical structure in C=O in amide I. The score are reversely affected 
by the loading graph in peak shift at amide II bands from 1542 cm-1 to 1531 cm-1.  
PC2 show more variances in lipid bands area. The observed pattern of intensity bands 
assigned to the carbohydrate region are illustrated by PC2 mainly at 1083 cm-1 and 
1068 cm-1 confirmed that one of the differences between the biofilm region is located 
at (C-O) bonds and showed by PC2 only. The difference between the spectra 
extracted from two different biofilm in this analysis show variability in proteins 
(amide I and amide II) and carbohydrates. These two assignments specifically 
reported change for other biofilm forming species (Quilès and Humbert, 2014). This 
analysis for the two assignments (protein and carbohydrate) gives us an indication of 
the biofilm growth difference in the two biofilm (NTHi A1 and RdWK20). Protein 
changes may indicate the development of biofilm in NTHi A1 which has been 
reported previously to be related to alterations of bacterial protein in response to 
surface growth (Quilès and Humbert, 2014). The differences between the two biofilms 
in the carbohydrate band area may be an indication of the production and 
accumulation of glycogen which is found in both planktonic cells and sessile cells but 
with more generally found in sessile cells (Quilès and Humbert, 2014).  
	
Another PCA analysis using an additional pre-processing step (2nd derivative with 
vector normalisation) on these two pseudo-colour integrated images indicated that 
some variation of the chemical components are independent of the density of the 
biofilm growth over the disc and therefore independent from the variability of the 
biomass of biofilm material. PC2 (4% of variance) versus PC4 (0.2% variance) plot 
scores (Fig. 9c) showed clear chemical classification differences. PC2 separated the 
Exploratory approach for NTHi biofilm using FTIR microspectroscopy. Chapter 5 
	
 
	
173 
two different biofilms independent from growth whereas PC4 separated the growth 
but not the biofilms. 
 
 The PC1 score explains 95% of the variance but does not distinguish between the 
spectral groups from different areas of each sample. The loading graph of PC2 to PC4 
displayed in Fig. 9d, illustrate change in the intensity for amide I peaks. Scores were 
reversely affected by the loading graph which was observed in PC2 at 1680 cm-1 and 
1657	 cm-1 and by PC4 peak differences in 1635 cm-1 and 1621 cm-1, amide II bands at 
1551	cm-1 in PC2 and 1538 cm-1 in PC4. Amide III and phosphate bands at 1406	cm-1, 
1483 cm-1, 1153	 cm-1 and 1084	 cm-1. The amide I peak differences observed in the 
loading graph is known to be due to differences in the intensity band for α-helix as 
reported in Kong and Yu (2007). PC2 showed mainly changes in biofilm growth over 
the surface between the two biofilm. These differences observed particularly in amide 
I 1657	 cm-1 and amide II 1551	 cm-1 which suggests modification in protein profile. 
Some nucleic acid alteration possibly due to growth of cells was observed from peaks 
1406	 cm-1, and 1153	 cm-1. Some indication of the carbohydrate storage from the peak 
at 1084	 cm-1 was also seen. These changes in the amide I bands represent a change in 
bacterial protein profile in response to surface associated bacterial growth (Quilès and 
Humbert, 2014). Some variances were observed in the lipid bands area due to CH 
stretching bands 3000cm-1 to 2830 cm-1 in both PC2 and PC4. The observed pattern of 
intensity assigned to the carbohydrate region mainly peaks at 1049 cm-1 in PC2, 1087 
cm-1 in PC4 and 1012 cm-1 in both PCs confirmed that one of the differences between 
the biofilm region is due to (C-O) bonds. Changes assigned to the bands at 1084 cm-1 
which describes glycoside bonds (due to C-OH stretching and C-O ring vibration) and 
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have been observed in many spectral bands of biofilm formed by different bacterial 
species (Nivens et al., 2001, Serra et al., 2007, Quilès and Humbert, 2014).  
 
5.3.3 Analysis of the hyperspectral images for NTHi biofilm  
IR hyperspectral data was qualitatively analysed by using one of the hyperspectral 
images of NTHi A1 and RdKW20 biofilm were replicates give similar results. The 
hyperspectral data was recorded with spot size (160 µm) and step size 100 µm.	
Changes occurring in bacterial cell biology were highlighted spatially for individual 
biofilms, performing integration ratios and multivariate analyses were undertaken for 
the hyperspectral images.  The integrated carbohydrate region of NTHi A1 is 
illustrated Fig. 10a as a heat map with colour scale and shows spatial carbohydrate 
distribution within the biofilm with integration values from 0.37 to 1.34. As discussed 
in section 5.3.1, integration of the carbohydrate region between 1140 cm-1 to 950 cm-1 
shown in Fig. 10a includes many carbohydrate bands allowing evaluation of the main 
sugar components. Fig. 10b. depicts a chemical map generated by integrating the area 
under the band absorption from 1730 cm-1 to 1590 cm-1 which was the area attributed 
for amide I bands including α-helix and β-sheet which are sensitive to changes in 
protein secondary structure (Kong and Yu, 2007).  
 
	
Exploratory approach for NTHi biofilm using FTIR microspectroscopy. Chapter 5 
	
 
	
175 
 
	
Figure 10. IR hyperspectral mapping for the NTHi (A1) high biofilm producer shows (a) 
carbohydrate peak integration from 1140 to 950 cm-1. (b) amide I peak integration from 1730 
to 1590 cm-1 . (c) carbohydrate to amide I ratio. (d) CH stretching to amide I ratio. 
	
To investigate how these two components related to biofilm grow on the CaF2 disc, 
ratios of the two components could provide an overview of the dominant bands over 
the tested area of NTHi A1 biofilm. Heat maps were visualised in a colour 2D 
hyperspectral image using the ratio of integration values of the functional regions in 
the spectra. Fig. 10c shows the ratio of carbohydrate to amide I as a high intensity 
range in the heat colour map from 0.305 to 0.367, the region of high carbohydrate can 
be seen in a semicircular shape with dimensions of 1.5×1.3 mm which is almost two 
thirds of the analysed area.	 However, from this range (0.305-0.367), it shows that 
relative differences between carbohydrate and amide I over the area is low. This result 
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may indicate that biofilm formed by NTHi A1 has no major differences in relative 
carbohydrate to amide I ratios. However, the integration map Fig. 10a and b, implies 
that NTHi biofilm has some spatial distribution differences for amide I in comparison 
to carbohydrate within the scale of 2 mm. The ratio was chosen because it can be used 
to investigate the spatial distribution and homogeneity of mature biofilm. 
 
The integral ratio of the C-H stretching bands to the amide I region Fig. 10d may 
provide some indication of the lipid to protein profiles. This ratio shows minor 
variation across the measured area from 0.368 to 0.419. The CH stretching band with 
low intensity relative to the amide I in Fig. 5d. shows a circular shape of 
approximately 0.9×1.5 mm. The ratio was highest where there was less dense biofilm. 
This indicates there is more lipid in the low dense area relative to proteins. 
 
The infrared pseudo- colour map created from integrating the carbohydrate region 
(Fig. 11a) of RdKW20 illustrates the areas of biofilm material with carbohydrate 
which is different to the NTHi A1 biofilm in terms of chemical composition. For 
amide I, Fig. 11b depicts a higher intensity of amide I mostly within the area of high 
growth biofilm. From Fig. 11c and d, the ratio of carbohydrate to amide I (0.02-0.278) 
and lipid to amide I (0.255-0.418) can be seen. The areas of low colour intensity 
(from green to blue) of the two ratio maps have thin area biofilm formed on the disc 
that is thought to be due to less EPS than the NTHi A1. The carbohydrate to protein 
ratio range from 0.2 to 0.278 within the thick biofilm area was higher than in the area 
with thin area of biofilm which ranged from 0.03 to 0.14. This pattern in carbohydrate 
to protein ratio was also reported in a biofilm study with different bacterial species 
(Bosch et al., 2006). The variability of biofilm growth by RdKW20 in the current 
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study showed that less EPS was formed by the cells as spatial protein distribution was 
relatively high in the thin area of RdKW20 biofilm. 
	
	
 
  
Figure 11. IR hyperspectral mapping for the RdW20 low biofilm producer shows (a) 
Carbohydrate peak integration 1140 to 950 cm-1. (b) amide I peak integration from 1730 to 
1590 cm-1. IR Hyperspectral mapping for the RdW20 low biofilm producer with (c) CH 
stretching to amide I ratio and (d) carbohydrate to amide I ratio. 
 
The results from the integration ratios of the two biofilm producers indicated notable 
differences between carbohydrate and protein with regard to spatial distribution. This 
is also in agreement with the finding of the study by Wu et al. (2014) who identified 
the chemical contents of NTHi biofilm extracellular matrix contained a mixture of 
polysaccharides and proteinaceous material when they examined the spectra obtained 
by FTIR. It was reported that NTHi biofilm lacks an EPS and consists largely of 
(a) (b) 
1 mm 1 mm 
1 mm 1 mm 
(c) (d) 
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proteinaceous material by comparing FTIR spectra of the NTHi biofilm with EPS and 
EPS free NTHi biofilm (Wu et al., 2014).  
 
Unsupervised multivariate analysis of the biofilm spectral data is a simple and robust 
statistical method, which is widely employed to highlight FTIR spectral similarities 
and differences in biological samples (Chalmers and Griffiths, 2002). In particular, 
unsupervised PCA analysis of the hyperspectral data, using the pre-processing 
procedures described earlier in section 5.3.2, can highlight different areas within the 
biofilm based on chemical information (Hughes et al., 2013, Wang and Mizaikoff, 
2008). Performing the unsupervised analysis using cluster analysis and principal 
component analysis can highlight the functional group differences such as amide I in 
the protein region and glycogen in the carbohydrate region of the biofilm.  
 
Hierarchical cluster analysis was performed with pre-processed spectral data by 
converting the data to 2nd derivatives and unit vector normalisation illustrated in Fig. 
12. These analyses were performed with chosen 2nd derivatives which seem to be 
more applicable to normalise the data. Smoothing point up to 13 was chosen to lower 
the effect of noise for the spectral data which then normalised by vector 
normalisation. The cluster analyses were performed on the pre-processed 
hyperspectral data then the number of clusters were chosen based on the dendrogram 
separation of data. 
 
The green and blue clusters of biofilm are highlighted in the amide I intensity heat 
maps Fig. 10a as an oval shape which corresponds to the area of high growth of 
biofilm.  Hierarchical clustering has been used in the classification of features within 
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chemical groups in other microbiological studies for the identification of altered 
features that classify bacterial strains and species (Naumann, 2006). A dendrogram 
was generated using a cluster analysis of the NTHi A1 biofilm and is illustrated in 
Fig. 12b. From the vertical axis in the dendrogram, the clusters that ranged from 0 to 
1.3 distance value were distinctively separated into two main groups. This 
dendrogram signified several chemical group clusters in two main clusters, subdivided 
into a further two subdivisions with another two minor-subdivision.  
 
In Fig. 12c. the average spectra (2nd derivatives) of each cluster show the differences 
between clusters. Differences (integration value ± 10 or 5 value) were found in amide 
I peak at 1657 ± 10 cm-1 and 1635 ± 5 cm-1, amide II peak at 1541	± 10 cm-1and 1514	
±5 cm-1, nucleic acid region and amide II peak at 1385 ± 6 cm-1 and 1230	 ± 6 cm-1  
lastly carbohydrate peak at 1076 ± 8 cm-1. Specifically changes in peak 1657 ± 10  
cm-1  and 1635 ± 5 cm-1  were described in the previous PCA analysis which were 
related to amide I sensitive changes of protein secondary structure. 
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Figure 12. (a) Five clusters by HCA (b) dendrogram of the HCA of 2nd derivatives with 13 
smoothing points and vector normalisation of the NTHi A1 high biofilm producer 2D IR 
hyperspectral image which illustrates  the larger the separation between clusters, indicated by 
connecting lines, the lower the similarity of the spectra. (c) the average spectra for each 
cluster converted to 2nd derivatievs.	
 
For the RdKW20 biofilm (Fig. 13), cluster analysis was performed with the pre-
processed hyperspectral data. A dendrogram of this cluster analysis illustrated Fig. 
13b below shows two main clusters which ranged in vertical distance from 0 to 8 
distance value. The larger cluster subdivided into two at distance value of 3.4. This 
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dendrogram illustrates some similarity of the clusters distance between high biofilm 
producer and low biofilm producer in the spatial distribution of the functional groups, 
however, the distance of separation for the low biofilm producer was larger (≈6-fold). 
Average spectra for the clusters in Fig. 13 as 2nd derivatives illustrate peak changes 
over the clusters for the amide I bands at 1702 cm-1 to 1699	 cm-1, from 1664 cm-1 to 
1657 cm-¹ and 1637	cm-¹, and amide II peak from 1544	cm-1 to 1539 cm-1. There were 
some slight changes for the glycogen band of the carbohydrate region in 1020 cm-¹ 
(peak shift from 1020 cm-¹ to 1033 cm-¹) between the average clusters. This difference 
in carbohydrate between the clusters may indicate variability of glycogen biosynthesis 
in the area covering the disc. The variability between growth rates of biofilm formed 
on CaF2 disc illustrated as clusters may be related to the differences in cellular 
aggregation adhesion. Glycogen band intensities were higher than the amide I band in 
the area of thick growth biofilm which is a marker for sessile bacteria that has been 
observed in biofilm formation with other bacterial species (Quilès and Humbert, 2014, 
Nivens et al., 2001, Bosch et al., 2006).  
 
There was some correlation between clusters in the dendrogram of the RdKW20 
biofilm shown in the green and blue area which is similar to part of the chemical map 
for amide I and CH stretching regions in the heat map of these two integrals. Fig. 11 
illustrated RdKW20 biofilm with lower carbohydrate which is displayed in the same 
region clustered in dendrogram and compatible with the pattern of the chemical map 
for carbohydrate in Fig. 11 that ranged between 0.001 to 0.25.   
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Figure 13. 2D IR hyperspectral image of the RdW20 low biofilm producer illustrates (a) three 
clusters by HCA (b) dendrogram of the HCA of 2nd derivatives with 13 smoothing points and 
vector normalisation (c) the average spectra for each cluster converted to 2nd derivatives. 
 
PCA analysis was also performed on the on the IR hyperspectral data. This PCA 
analysis was different to the first PCA analysis performed on the extracted spectra 
from selected spots in section 3.2. The PCA in section 3.2 compared spectral data 
from different biofilms and their different growth areas, without using any of their 
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spatial information. PCA in this section was performed on a single biofilm to 
investigate if clustering does occur in a spatial sense of the hyperspectral image.	This 
hyperspectral image shows distribution of the score value of a particular PC and is 
observed with pseudo-colour hyperspectral image in Fig. 14a and b with an extreme 
score value in red and low score value in blue.  PCs were selected based on the 
segregation of different regions of biofilm images. The loading graphs of the PC1 and 
PC2 were examined to find the most variation in molecular features. Fig. 14c, the PCs 
highlight molecular and conformational changes in the spectral region of amide I.  
 
	
 
 
Figure 14. (a) PC1 and (b) PC2  from PCA of the region 1790 cm-1 to 950 cm-1 for the NTHi 
A1; (c) loading graph for PC1 and PC2. 
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Features in the loading graph demonstrate the variation between PC1 (95%) and PC2 
(5%). PC2 loading graph of the NTHi A1 biofilm in Fig. 14c shows that amide I 
bands (a) have variance with minor peak shifts from 1658 cm-1 to 1661	 cm-1. This 
peak is sensitive to the changes within the α-helix of the protein secondary structure 
(Kong and Yu, 2007) and it was frequently noticed with changes in the multivariate 
analysis for this chemical map. Another peak shift is noticed in the amide II peak 
from 1553 cm-1 to 1550 cm-1 of the C-N stretching mode. The two peaks within amide 
I and amide II region were also reported previously specifically for denaturation on 
amino nitrogen atoms (Lin-Vien et al., 1991). Difference in the intensity at 1087 cm-1 
may be related to P=O stretching of phosphate groups (Fang et al., 2011) that is 
suggested to be as a result of changes in phosphate group within the biofilm. Other 
studies have also suggested that changes in this band area may related to the bacterial 
cell membrane and nucleic acids (Quilès and Humbert, 2014). 
 
PCA analysis for the RdKW20 biofilm producer shows an explained variance for PC2 
and PC5 (Fig. 15a and b). The pseudo-colour image of PC2 show a high score value 
red area which was found to be a different area than that highlighted in PC5. Loading 
graph Fig. 15c shows some variation for PC2 and PC5 located in reversely affected 
peaks. PC2 shows a β-sheet peak shift from 1628 cm-1 to 1620 cm-1 (Kong and Yu, 
2007). PC5 also shows strong peptide amide I and amide II bands near 1653 cm−1 and 
1545 cm−1 related to features of the α-helix structure (Thi and Naumann, 2007). Two 
changes of the intensity at 1498 cm-1 and 1407 cm-1 reveal a difference in the intensity 
of the asymmetrical and symmetrical stretching bands of carboxylate groups. There 
are some differences of band intensity in the carbohydrate region at 1029 cm−1 related 
to specific carbohydrates namely glycogen (Quilès and Humbert, 2014). These 
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changes in the intensity within hyperspectral data indicated differences in the amount 
of polypeptide and polysaccharide compounds within this biofilm growth which were 
also noticed with HCA average clusters presented as 2nd derivatives for RdKW20 
biofilm. 
 
	
	
 
 
Figure 15. (a) PC2 and (b) PC5 from PCA of the region 1790 cm-1 to 950 cm-1 for the RdW20 
low biofilm producer illustrates the chemical variation of the thin growth part of the biofilm 
image. (c) loading graph of PC2 (red) and PC5 (blue) for low biofilm producer.  
 
For the multivariate analysis, it is worth mentioning that the signal to noise ratio 
(SNR) in the low biofilm producer images were problematic which may have been  be 
due to the low thickness of the biofilm. Some of the three hyperspectral image 
replicates were disregarded because of the variance in low thickness biofilm and 
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water vapour in the atmosphere. Low sample material may produce noise that affects 
the spectral resolution. Noise is an issue for multivariate analysis; spectral pre-
processing such as 2nd derivatives increases the noise level which can only be 
counteracted by increasing smoothing points. In the pre-processing of biofilm 
hyperspectral data, 13 smoothing points were used because too many smoothing 
points will lower the spectral resolution which is needed to detect certain spectral 
features. For raw spectral analysis such as integration the data from  2nd derivatives is 
sufficient, however, for multivariate analyses where 2nd derivate are used noise would 
be a bigger issue. 
 
 The chemical differences between thick and thin growth of biofilm obtained from the 
ratio plot, PCA and HCA plots of both NTHi A1 and RdKW20 show variation in 
aggregate of cells and EPS. These variations were displayed clearly in the integration 
of the NTHi A1 biofilm hyperspectral data which were corresponded to PCA plots 
and the clustering analysis. This difference is mainly correlated to the protein profile 
at 1730 cm-1, 1658 cm-1, 1635 cm-1 and 1541	 cm-1 over carbohydrate profile. The 
variation between these two components may indicate the overproduction of protein 
which formed by NTHi bacterial cells to form biofilm.  RdKW20 biofilm shows also 
differences at the high and low biofilm growth indicated from PCA. However, the 
protein and carbohydrate profiles were both varied and carbohydrate profile at 1020 
cm-1 specifically highlighted by the multivariate analysis which indicate the 
accumulation of glycogen may have some impact on the biofilm formation of 
RdKW20.  
 
  
Exploratory approach for NTHi biofilm using FTIR microspectroscopy. Chapter 5 
	
 
	
187 
5.3.4 Analysis of FPA array imaging for NTHi A1 biofilm 
An FPA detector was used to investigate the differences within a biofilm at smaller 
resolution. A hyperspectral image of the NTHi A1 biofilm, showing the integration 
from 1730 to 1590 cm-1 (amide I and amide II peaks) within a smaller area which was 
chosen to cover 4×4 FPA images where the total image area is 706 ×706 µm2 and 
each pixel is about 2.73 µm × 2.73 µm, is illustrated in Fig. 16. This image displays 
the chemical heterogeneity of the biofilm after 24 h incubation. The spatial 
distribution of the amide I band integration values are illustrated in Fig. 16a and are 
ranged from 1.66 to 4.55, with the higher values shown white and red and the lower in 
blue. The small circular shapes of high intensity are thought to be caused by the cell 
aggregates that form the extracellular matrix as seen in SEM image Fig. 1. A single 
FPA image (≈175 µm ×175 µm, 64 ×64 pixels) was chosen for further analysis (Fig. 
17) as multivariate analysis for larger data sets is not currently possible with the 
OPUS software. 
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Figure 16. IR hyperspectral FPA data for the NTHi A1 shows intensity integration for (a) 
amide I 1730 cm-1 to 1590 cm-1, (b) amide II  1590 cm-1 to 1490 cm-1and (c) carbohydrate 
1140 cm-1 to 950 cm-1. 
 
	
Figure 17. Intensity of peak integration for (a) amide I and (b) carbohydrate from the FPA 
image cropped to a single FPA image (175	µm × 175 µm).  
 
HCA of this cropped data (≈175	 µm	×175 µm) is shown in Fig. 18.  The dendrogram 
illustrated in Fig. 18b. shows two main clusters and two subgroups for each cluster. 
The main differences in the 2nd derivatives of these clusters are in the regions of 
amide I and amide II (Fig. 18c). The intensity differences are observed as peak shift in 
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1540, 1579, 1658, 1689, 1739 and 1785 cm-1. The clusters shown in Fig. 18a. also 
resemble the spatial distribution of the carbohydrate to amide I integration ratio image 
which suggests that the main clusters are associated with the changes of the amide I 
distribution across this area of the biofilm. The peaks at 1658 and 1689 cm-1 report the 
changes in α-helix and β-sheet respectively (Kong and Yu, 2007). These particular 
peaks within amide I and amide II area can be assigned to phenotype changes that are 
associated with the biofilm growth due to some protein up-regulation and down-
regulation (Quilès and Humbert, 2014). Another peak at 1739 cm-1 is known for 
phospholipid and has been reported for surface colony growth (Thi and Naumann, 
2007).  
 
Due to the thickness issues with the biofilm sample, the signal to noise ratio was not 
sufficient to undertake multivariate analysis for this FPA hyperspectral data of 
RdKW20 biofilm.   
 
To our knowledge, this is the first time that NTHi biofilm samples have been 
invistigated by this approach highlighting differences in the carbohydrate, proteins 
and lipid spatial distribution of high and low biofilm formation.   
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Figure 18. Cluster analysis of pre-processed hyperspectral image for the small spot area 
within the FPA image (175 µm ×175 µm). (a) four clusters by HCA; (b) dendrogram of the 
HCA of 2nd derivatives with 13 smoothing points and vector normalisation of the NTHi A1 
high biofilm producer 2D IR hyperspectral data.  (c) the average spectra for each cluster 
converted to 2nd derivatives.	
 
5.3.5 Raman mapping for the NTHi A1 biofilm producer 
NTHi A1 was investigated using Raman spectroscopy and Fig. 19 shows the map area 
that analysed as described before. In Fig. 20a, a typical Raman spectra for the NTHi 
A1 biofilm shows a high noise level despite using a long time acquisition time (120 
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s). The laser power could not be increased due to sample damage at higher power so 
the Raman map was recorded with an acquisition time of 120s. For map data a noise 
filter can be applied, using PCA analysis which greatly reduces the noise level to give 
data suitable for further analysis Fig. 20b.   
 
	
Figure 19. Mapping area of NTHi A1 biofilm investigated suing Raman spectroscopy. 
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Figure 20. (a) One typical Raman spectra for the NTHi A1 biofilm without noise filter. (b) One 
typical Raman spectra for the NTHi A1 biofilm with noise filter.  
 
Raman mapping for the NTHiA1 biofilm was analysed using hierarchical clustering 
procedure and is shown in Fig. 21. The Cluster image shows the different chemical 
features highlighted by the clusters where the yellow spots are thought to be due to 
sample damage caused by the laser as they bear the signature of graphite like material 
and the pink cluster resembles nutrient deposits. The blue clusters (light and dark 
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blue) exhibit similar spectra to each other but different than the yellow and pink 
clusters and are thought to be from the biofilm highlighting two different areas.  
	
Figure 21. (a) HCA image for the four clusters and (b) Dendrogram of the HCA for the Raman 
mapping for NTHi A1 biofilm 
 
Fig. 22 shows four average spectra generated from the four clusters. Brown and pink 
clusters were thought to be not related to biofilm. The blue clusters present the typical 
biofilm signature with   the peak at 753 cm-1 depicting nucleic acids, the peak at 1124 
cm-1 the polysaccharide region, the peak at 1300 cm-1 representing the amide III 
region with contributions from proteins, unsaturated fatty acids in lipids, peak at 1564 
cm-1 in amide II region and lipids at 2322 cm-1 and 2916 cm-1. The difference between 
these two blue clusters is only shown at intensity of lipid region (2322 cm-1 and 2916 
cm-1). The other region seems to be similar between these two blue clusters which 
may indicate that distribution of lipid may change over the biofilm but has no 
significance on the other biofilm regions. These average spectra suggest that the 
distribution of proteins and polysaccharides in this NTHi biofilm is similar to other 
reported Raman map studies of biofilm (Ivleva et al., 2010 and Lu et al., 2012a).  
Protein concentration in 24 h biofilm was reported to be 2.6 fold than in suspended 
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cells which may explained microorganism density increase during biofilm formation 
(Kives et al., 2006, Ivleva et al., 2009). 
 
	
Figure 22. Average Raman spectra from HCA cluster analysis for NTHi A1 biofilm sample. 
	
A second derivative was applied to the Raman spectra for a hierarchical cluster 
analysis and the average spectra are displayed in Fig. 23. This spectral transformation 
to 2nd derivative reveals similar peaks at 755 cm-1 which is related to the DNA/RNA 
base region (Lu et al., 2012a). Some spectral difference were also observed in the 
amide III peak  region around 1132 cm-1 and fatty acids at 1300	 cm-1 that reflect 
properties of the major components of biofilm EPS (Lu et al., 2012a, Chao and 
Zhang, 2012). Another peak displayed at 1589 cm-1 relates to bacterial growth and 
nucleic acids. 
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Figure 23.  Average of 2nd derivatives from HCA cluster analysis of the NTHi A1 biofilm 
sample. 
 
This clustering of Raman map spectra demonstrates the spatial distribution of protein 
secondary structure, polysaccharide and DNA/RNA of the biofilm surface which 
confirms the heterogeneity of this NTHi biofilm. Data preprocessing techniques such 
as second derivative transformations prior to cluster analyses for Raman scattering 
spectra can reveal useful information for overlapping peaks. 
 
In this section, the analysis of Raman spectroscopy images was performed for the 
NTHi A1 biofilm to explore the differences in Raman band features. The acquisition 
of good quality data for mapping was found to be less efficient compared to the FTIR 
spectroscopy study due to the long acquisition time needed to obtain data that has an 
acceptable signal to noise ratio. An advantage of Raman spectroscopy is the ability to 
map at a 1 µm spatial resolution which potentially could allow for a more detailed 
study at that resolution. Due to the disadvantages of Raman spectroscopy for this 
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work the main focus remained on the analysis by FTIR. Different excitation 
wavelength for the Raman analysis were also investigated however longer wavelength 
lasers such as 633 nm, 785 nm and 830 nm induced a strong fluorescence signal in 
addition to any Raman signal. This can produce strong background and swamp the 
Raman bands of the biological samples. In addition higher laser power at 532 nm 
excitation may also cause photo damage (Carter et al., 2009). To avoid this, lower 
energy with short wavelength for the laser excitation (e. g. 532 nm, with 10% power) 
was an efficient approach to avoid inducing of fluorescence in our case. However 
even with this (10%) energy, the Raman mapping for this NTHi A1 biofilm sample 
was problematic and produced slight photodamage in small areas of the sample.  
 
Enhancements of Raman spectroscopy to dramatically improve signal to noise ratios 
are possible such as surface-enhanced Raman spectroscopy  (SERS) (Ivleva et al., 
2010) which requires the use of roughened metal surface as a substrate. Tip-enhanced 
Raman spectroscopy (TERS) combines SERS with scanning probe microscopy 
provides spectral and structural information of the tiny amount of the probe molecule. 
The enhancement properties of TERS dependent on many factors such as tip size and 
shape, substrate material and the tip-substrate distance (Yang et al., 2009). TERS 
could provide high spatial resolution of the sample. In this work, SERS and TERS 
were not attempted and the focus remained with FTIR spectroscopy.  
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5.4 Conclusion 
In conclusion, the outcomes of this work provide compelling evidence that indicate 
that the sessile cells and EPS contain distinctive chemical feature in NTHi biofilm that 
differ among high and low biofilm formation. The analysis of biofilm by FTIR spectra 
gives a new method for quantifying biofilm formation by integrating both the proteins 
and carbohydrate regions. This way high and low biofilm could be quantified and 
segregated which was in agreement to the previous staining method reported in 
Chapter 2.  PCA analysis of the FTIR data provides an excellent approach to 
chemically distinguish between biofilm growth formed on CaF2. The two biofilms 
formed by NTHi A1 and RdKW20 have compositional variability when formed on 
CaF2. The multivariate analysis of hyperspectral mapping and imaging data 
demonstrated the spatial distribution of the different chemical components of the 
NTHi biofilms. The sessile cells spectral features showed specific differences for the 
amide I band such as β-sheet conformational changes and carbohydrate differences in 
glycogen bands. FPA-FTIR microspectroscopy can be a sensitive approach to identify 
the compositional changes across the biofilm growth over CaF2 discs and provides 
high spatial resolution of carbohydrate to protein content distribution (<3 µm). This 
may guide investigations into of chemical features of biofilm candidates and assist 
with the detection of NTHi biofilm during infection or drug susceptibility studies.  
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Abstract 
The transmission mode of Fourier transform infrared (FTIR) spectroscopy was used to 
compare spectra of the high biofilm producer NTHi A1 and low biofilm producer 
RdKW20 treated with four antibiotics. The growth of biofilms after application of 
selected antibiotics from β-lactams, fluoroquinolone and macrolide classes at both 
subinhibitory and inhibitory concentrations as well as at two different degrees of 
biofilm formation were determined on new and existing biofilm. The samples showed 
reproducibility within replicates with regard to an observed enhancement in the 
formation of biofilm material for those treated with the β-lactam agents, amoxicillin 
and cefotaxime. Hyperspectral image data of the amoxicillin treated samples provided 
a robust investigation which showed that the FTIR profile of NTHi biofilm protein 
profile specifically increased in relation to carbohydrate bands. PCA score plots and 
loading graphs illustrate the main IR bands that characterise NTHi A1 biofilm treated 
with AMX. From the FTIR spectroscopy analysis, the spatial distribution of the amide 
I and II bands that dominate the biofilm chemical components in NTHi biofilm was 
not observed in treated RdKW20 biofilm even with increased biomaterial. 
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6.1. Introduction 
Nontypeable Haemophilus influenzae (NTHi) biofilm is attracting more attention due 
to an association with resistance to β-lactam antibiotics and to the persistence of 
infections treated with this drug (Takei et al., 2013, Wu et al., 2014). NTHi is 
considered as one of the more common pathogens that cause infection in the 
respiratory tract. Previous studies on NTHi biofilm have investigated variations in its 
formation and pathogenic relationship in vitro (Puig et al., 2014) and as addressed 
previously in Chapter 3. There may be a significant link between these biofilm growth 
variations and the variation of cellular behaviour characteristics according to some 
intercellular or extracellular environment. These alterations may be related to some 
chemical and genetic attributes which influenced by the extracellular environment. 
These attributes may alter the distribution of the chemical composition of these 
isolates. For example, antibiotic treatment could cause some biofilm variation which 
may increase antibiotic resistance and ability to form antibiotic tolerant biofilms (Sill 
and Tsang, 2008).  
 
NTHi infection has become more difficult to treat with the first choice of drug 
(amoxicillin) in acute otitis media (AOM) caused by NTHi biofilm (Moriyama et al., 
2009). NTHi infection has been found to be persistent in the site of infections such as 
otitis media (OM) and lung of chronic obstructive pulmonary disease (COPD) in spite 
of being susceptible to β-lactam at MIC (Takei et al., 2013). The persistent nature 
within the biofilm community and mechanisms of communication between biofilm 
components differ from planktonic bacterial cells. Due to many mechanisms, such as 
sessile cells with EPS, bacteria are afforded greater protection from antibiotics 
(Davies, 2003). Some studies of NTHi infection provide evidence that 
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fluoroquinolone and macrolides have a more favourable effect on NTHi biofilm than 
other antibiotics used to treat NTHi infection (Takei et al., 2013). However, to date, 
little research has been conducted on NTHi biofilms treated with different antibiotics. 
 
The characterisation of biological samples using vibrational spectroscopy may enable 
discrimination between cellular behaviour within normal and abnormal situations. In 
brief, for microbiological studies, FTIR has become a promising tool to non-
invasively examine macromolecular modification in an holistic approach within the 
microbial cells and to assist in identification and classification of microorganisms 
(Lasch and Naumann, 2000). Conventional diagnostic tools and standard assay could 
not deliver sufficient detailed information rapidly which is discussed in detail in 
Chapter 1. FTIR can also be applied to examine the influence of some exogenous 
molecules. These exogenous molecules including treatment agents can interact and 
may interfere with the molecular constitution of the microbial samples. The effects of 
these interactions could potentially enable to a better understanding of the distribution 
of chemical components interactions within complex samples such as biofilm (Lu et 
al., 2012b).  
 
FTIR spectroscopy as a tool to study holistic chemical composition has been used for 
biofilm samples developed for in situ assessments of antibacterial activity on 
Pseudomonas fluorescens biofilm (Humbert et al., 2011) and antimicrobial effect of 
diallyl sulphide on Campylobacter jejuni biofilm (Lu et al., 2012a). With FTIR 
spectroscopy, chemical information from sessile cells and polymeric matrix data 
formed on the surface can be used with a precision of up to 2.5 µm as described in 
detail in Chapter 5 (5.3.3 and 5.3.4) of accuracy to demonstrate biofilm composition 
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(Serra et al., 2007, Bosch et al., 2006, Lu et al., 2012a). In Chapter 5, FTIR 
microspectroscopy was used and described in detail with regard to studying the spatial 
distribution of biofilm by obtaining spectral mapping data of a sample, which has 
enabled the collection of spatially-resolved spectra filling the gap of information in 
data from the morphological based microscopically studies (Paquet-Mercier et al., 
2014).  
 
FTIR spectroscopy, including hyperspectral mapping, will help to better understand 
the relationships between the macromolecules that construct main components of 
biofilm like lipids, proteins, phosphate groups and polysaccharides. The IR spectral 
variation between two isolates, that have a different level of biofilm formation, was 
discussed in the previous chapter. In this chapter, the potential influence of four 
classes of antibiotics on the spectral bands and hyperspectral images that provide 
holistic information about the NTHi biofilm components were investigated for lipids, 
proteins and carbohydrate spectral areas for the two Haemophilus influenzae isolates. 
The current study focuses only on the chemical compositional attributes of the biofilm 
as the study of genetic information is beyond the scope of this project. The NTHi 
biofilm is investigated in regard to chemical distribution of functional groups by using 
hyperspectral images of biofilm formed in vitro with treatment with sub-MIC and 
MIC of β-lactams, fluoroquinolone and macrolide antibiotics. The influence of two 
levels of concentration of these antibiotics, that inhibited planktonic cell growth, full-
inhibiting concentration at MIC, and sub-MIC (sub-inhibiting concentration) on NTHi 
biofilm was examined using infrared microspectroscopy.  
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6.2. Methods 
6.2.1 Bacterial samples and biofilm growth 
The isolates described previously in Chapter 5 NTHi clinical isolate (NTHi A1), and a 
standard isolate (RdKW20) were studied in this chapter with same incubation and 
handling conditions described earlier. 
 
6.2.2 MIC determination and antibiotic preparations  
MICs were determined using Etest® and the antibiotic solutions at MIC and sub-MIC 
concentrations were prepared from stock solutions previously reported in detail in 
Chapter 4.  
 
6.2.3 Biofilm-antibiotic MTP assay 
Bacterial biofilms were prepared using the protocol developed for the MTP biofilm 
assay as reported in Chapter 2.  Briefly, microtitre plates were inoculated with 2 ml of 
standardised bacterial broth to about 1X10⁷ CFU/ml. CaF2 discs (10 mm diameter, 
Crystran Limited, UK) was inserted into five wells, one for each well that inoculum 
broth with the antibiotics added and one window for the control well.  
 
Two plates were prepared, one plate for sub-MIC concentration of each antibiotic 
(AMX, CIP, AZM and CTX) then incubated for 24 h at 37ºC and 5% CO₂. After 
incubation, the CaF2 discs were washed off three times with water and left to dry for 
half an hour at room temperature before IR analysis as described in Chapter 5.  
 
The second plate was inoculated with the broth and CaF2 discs were inserted into 
wells (four CaF2 discs, one for each antibiotic), the biofilms were allowed to grow for 
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24 h before adding antibiotics. After 24h incubation without any antibiotic agent, the 
inoculum inside the wells with CaF2 discs was removed aseptically by pipettes and an 
equivalent MIC concentration for each antibiotic (AMX, CIP, AZM and CTX) in 2 ml 
of fresh broth was then added as a replacement then incubated for another 24 h at 
37ºC and 5% CO₂. After incubation, the CaF2 discs were washed off three times with 
water and let dry for half an hour at room temperature. This procedure was replicated 
three times for NTHi A1 biofilm and three times for RdKW20 biofilm. 
 
6.2.4 FTIR spectroscopy data collection 
Transmission mode FTIR spectra were recorded on a Vertex 70 spectrometer (Bruker 
Optik, Germany) for spectra collected from 3900 cm-1 to 800 cm-1 as described in 
Chapter 5. Hyperspectral images were recorded with a Bruker Hyperion 3000 
microscope (Bruker Optik, Germany) which is also described in detail in Chapter 5 
(section 5.2.3) This method was carried out for three replicates of biofilm grown on 
CaF2 discs for NTHi A1 biofilm and RdKW20 biofilm in two different concentrations 
for each antibiotic (AMX. CIP, AZM and CTX).  
 
6.2.5 Spectral manipulation and evaluation 
Spectral pre-processing was performed using the OPUS 7.2 software (Bruker Optik, 
Germany). Atmospheric compensation then averaging of spectra were performed for 
all spectra (n=3) obtained as individual IR spectra of the biofilm grown on CaF2 discs 
with 8 mm spot size and peak area integration was calculated as described in Chapter 
5 (section 5.2.5). The spectral ranges were cut for both one single spectrum recording 
and for the hyperspectral images as in Chapter 5 (section 5.2.5). Data were analysed 
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using Student’s T-test with Excel® Microsoft. P value of <0.05 was considered 
statistically significant. 
 
Spectral pre-processing was performed for multivariate analysis of the 2D IR 
hyperspectral images with atmospheric compensation in the form of 2nd derivatives 
(Savitzky-Golay algorithm with 13 smoothing points) and vector normalisation. 
 
6.2.6 Multivariate analysis for the hyperspectral images 
From a selected image obtained from NTHi A1 untreated and treated with MIC and 
sub-MIC of AMX and RdKW20 biofilms untreated and treated with MIC of AMX, 
ten spectra were extracted from each data set. These spectra were processed as 
described in the Chapter 5 (section 5.2.5.1). For this PCA model, two spectral ranges 
were selected; from 3000 cm-1 to 2769 cm-1 and 1752 cm-1 to 952 cm-1.  
 
Cluster analysis of the hyperspectral data from selected images was performed using 
the OPUS software and dendrograms were produced from the clustering analysis with 
similar procedure to that described in Chapter 5 (section 5.2.5.1). These steps were 
also performed using the Cytospec v.1.4.03 software (Cytospec®, Germany).  
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6.3. Results and discussion 
6.3.1 IR spectra for the treated biofilm 
The average IR spectra for the NTHi A1 biofilm growth on CaF2 (8 mm) following 
treatment with antibiotics are illustrated in Fig. 1 It seems that individual spectra of 
the biofilm with sub-MIC of AMX (red) show no major differences in the overall 
intensity than the mature biofilm treated with MIC of AMX (blue) and compared to 
untreated biofilm (black). 
 
The spectra obtained from RdKW20 biofilm with sub-MIC of AMX in Fig. 2 shows a 
comparatively low intensity to the untreated biofilm, as the biofilm formation may be 
supressed by the AMX. However, the spectra of mature biofilm treated with MIC of 
AMX has higher intensity which is even greater than for the NTHi A1 mature biofilm 
that is considered to be a high biofilm producer, as described in the crystal violet 
results displayed in Chapter 4 (sections 4.3.3 and 4.3.5).  
  
 
Figure 1. The average FTIR spectra obtained from the CaF2 discs (n=3) with growth of NTHi 
A1 biofilm at two concentrations of AMX: mature biofilm exposed to MIC (red); developing 
biofilm exposed to sub-MIC (blue) and untreated biofilm (black). 
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 Figure 2. The average FTIR spectra obtained from the CaF2 discs (n=3) with growth of 
RdKW20 biofilm at two concentrations of AMX: mature biofilm exposed to MIC (pink); 
developing biofilm exposed to sub-MIC (blue) and untreated biofilm (black). 
 
 
The integration values of the specific IR bands are summarised for each antibiotic at 
two given concentrations, sub-MIC in Table 1 and MIC in Table 2. These integration 
values illustrate differences in four different regions of the FTIR spectra that are 
characteristic of lipids, proteins, nucleic acids and carbohydrates that constitute the 
biofilm similar to the analysis of the FTIR spectra in Chapter 5 (section 5.3.1). 
 
Table 1. Integration of specific bands from average spectra for   biofilm after treatment of 
developing biofilm (24 h) with sub-MIC antibiotics, for NTHi A1 and RdKW20. Fatty acids (CH 
stretching 3000 cm-1 to 2830 cm-1), proteins (amide I 1730 cm-1 to 1590 cm-1), proteins (amide 
II (1590 cm-1 to 1490 cm-1), DNA/RNA (P=O band and amide III 1280 cm-1 to 1190 cm-1, 1490 
cm-1 to 1000 cm-1) and carbohydrates (1140 cm-1 to 950 cm-1). 
 
  NTHi A1 biofilm RdKW20 biofilm                                                                     
  control AMX CTX CIP AZM control AMX CTX CIP AZM 
CH stretching   0.55 0.50 0.24 0.12 0.37 0.26 0.03 0.21 0.27 0.24 
Amide I   1.94 2.60 1.11 0.68 1.72 0.98 0.43 1.04 1.19 1.10 
Amide II   0.73 1.04 0.47 0.30 0.62 0.35 0.25 0.44 0.48 0.42 
P=O band and 
amide III  
 0.27 0.36 0.14 0.06 0.29 0.10 0.00 0.09 0.11 0.15 
Carbohydrates   0.62 0.73 0.31 0.14 0.73 0.34 0.04 0.27 0.39 0.41 
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The values obtained for the NTHi A1 biofilm show an increase of about 34% for 
amide I and 42% for amide II after treatment with AMX and CTX compared with the 
integration values for the same bands in the control. Using Beer-Lambart law 
(described in Chapter 5 section 5.1), the increase in the integration value can be 
attributed to the path length or the density in same thickness of the biofilm 
(concentration) as the molar absorption coefficient can be assumed to be constant. 
 
Similarly, the integration of the carbohydrate bands increased in the sample treated 
with sub-MIC of AMX. Treatment with the other antibiotics presented integration 
values lower than the control. The effect of AMX at sub-MIC level resulted in some 
increase of the integration value for the amide I, II, P=O and amide III and 
carbohydrate bands. These differences between treated and untreated NTHi A1 
biofilm suggest that thickness of biofilm material increased in treated biofilm. Thus it 
causes an increase of the integration values for the dominant macromolecules after 
AMX treatment. 
 
For RdKW20 biofilm in Table 1, AMX treated biofilm showed a lower integration 
value for each band and AMX seemed to have the greatest effect on inhibiting the 
growth as higher integration values indicate higher growth. The other antibiotic (CIP, 
AZM and CTX) showed a slight increase of the integration value for the amide I, II 
and carbohydrate bands compared to the untreated 24 h biofilm.  
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Table 2. Integration of specific bands from average spectra for   biofilm after treatment of 
developing biofilm (24 h) with MIC antibiotics, for NTHi A1 and RdKW20. Fatty acids (CH 
stretching 3000 cm-1 to 2830 cm-1), proteins (amide I 1730 cm-1 to 1590 cm-1), proteins (amide 
II (1590 cm-1 to 1490 cm-1), DNA/RNA (P=O band and amide III 1280 cm-1 to 1190 cm-1, 1490 
cm-1 to 1000 cm-1) and carbohydrates (1140 cm-1 to 950 cm-1). 
 
  NTHi A1 biofilm RdKW20 biofilm                                                                     
  control AMX CTX CIP AZM control AMX CTX CIP AZM 
CH stretching    0.63 0.51 0.85 0.49 0.42 0.17 0.64 0.61 0.27 0.16 
Amide I   2.45 1.92 3.40 1.79 1.46 0.69 3.01 2.74 1.17 0.66 
Amide II   0.92 0.75 1.30 0.71 0.55 0.25 1.14 1.05 0.46 0.24 
P=O band and 
amide III  
 0.33 0.27 0.45 0.25 0.21 0.075 0.36 0.31 0.12 0.07 
Carbohydrates   0.75 0.58 1.03 0.56 0.50 0.23 0.90 0.81 0.45 0.20 
 
From the data presented in Table 2, it can be seen that the NTHi A1 biofilm after 
treatment with AMX, CIP and AZM at the MIC showed a lower integration value for 
all bands compared to the value of these bands for untreated 48 h biofilm. NTHI A1 
biofilm treated with a MIC level of CTX display an increased value of all bands 
compared to untreated biofilm. The largest relative increase is shown for the 
integration value of amide I (38%) whereas the increase for the other bands was 29% 
to 37%.  NTHi A1 was observed in Chapter 4 (section 4.3.1) as sensitive to CTX. 
This may suggest that the MIC of CTX on established biofilm increases the resistance 
which then increase dominant macromolecules in biofilm especially with amide I. 
 
The RdKW20 biofilm with AMX and CTX in Table 2 show similar patterns of 
increased integration values compared to the untreated 48 h biofilm. The main 
increase in integration values compared to the untreated 48 h biofilm appeared across 
all bands. In the RdKW20 biofilm, the MIC level of CIP appears to slightly increase 
the value of integration for all bands as well but this increase is less significant than 
the increase of the value with AMX and CTX. This finding is different to the treated 
NTHi A1 biofilm which showed increased values of all bands with MIC of CIP and 
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different to the sub-MIC results for CIP. Depending on the aspect of sensitivity to CIP 
in Chapter 4 (section 4.3.1), RdKW20 has shown sensitivity to CIP. Whereas, 
established biofilm increased integration values after applying CIP at the MIC which 
may suggest that biofilm material and cells have some resistance and show increased 
growth. 
 
Table 3. Average of the ratio between spectral integration for the five assigned bands of FTIR 
spectral acquired from the two H. influenzae strains: NTHi A1 biofilm and RdKW20; untreated, 
after treatment of sub-MIC of AMX on developing biofilm and treatment of mature biofilm with  
MIC of AMX. 
 
    Developing 
biofilm with sub-
MIC 
Mature biofilm 
treated by MIC 
  Control 
for NTHi 
A1 
Control 
for 
RdKW20 
NTHi 
A1 
biofilm 
RdKW20 
biofilm 
NTHi 
A1 
biofilm 
RdKW20 
biofilm 
CH/carbohydrate 0.81 0.74 0.70 2.08 0.83 0.70 
CH/ Amide I 0.26 0.25 0.20 0.08 0.25 0.21 
Carbohydrate/amide I 0.46 0.37 0.28 0.17 0.30 0.30 
Carbohydrate /amide 
II 
0.87 1.01 0.70 0.47 0.79 0.79 
Amide I/ P=O and 
amide III 
7.29 10.62 7.18 222 6.95 8.45 
Carbohydrate /P=O 
and amide III 
2.40 3.82 2.02 14.01 2.68 2.54 
 
The ratios were calculated and the results are presented in Table 3. As discussed in 
Chapter 5 (section 5.3.1), the integration ratios for NTHi A1 biofilm and RdKW20 
biofilm were calculated to show the relative variation of IR bands to each other. In 
this current Chapter, the same integration ratio method has been employed to 
investigate the changes in these ratios from untreated biofilm (control) to treated 
biofilm with MIC and sub-MIC of AMX.  
 
For the developing biofilm with sub-MIC, the carbohydrate band region of NTHi A1 
biofilm showed a decreased ratio in relation to amide I, II, III and P=O when 
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compared to the control. The ratio of amide I to P=O and amide III also showed a 
slightly lower value than for the untreated biofilm. Interestingly, these ratios did not 
show any major difference between mature and developing biofilm treated with the 
two concentrations. These results may indicate that there are no differences between 
sub-MIC and MIC treated NTHi A1 biofilm in terms of the ratio between the 
carbohydrate region and the protein profile. It may suggest that protein profile is 
dominant in NTHi A1 biofilm treated with sub-MIC and MIC of AMX. 
 
For RdKW20 biofilm, sub-MIC of AMX showed a major increase in the ratio of 
amide I to P=O and amide III compared to untreated biofilm. This may be related to 
the low number of bacterial cells material containing nucleic acids. These cells were 
inhibited to grow after sub-MIC level of AMX as this strain has been confirmed as 
sensitive to AMX in Chapter 4 (section 4.3.1). An increase is shown in the CH 
stretching band to carbohydrate ratio from 0.74 compared to untreated biofilm 2.08, 
which indicates relatively higher lipid than carbohydrate. Carbohydrate to amide III 
and P=O ratio also increased from 3.82 to 14.01, similar to the amide I to P=O and 
amide III ratio from 10.62 to 222. These increases are due to less bacterial cell 
material growth on the disc.  
 
However, mature biofilm treated with the MIC of AMX showed ratios similar to the 
mature NTHi A1 biofilm ratios but slightly increased for amide I to P=O and amide 
III. This suggest that the protein profiles are dominant in both mature NTHi A1 
biofilm and mature RdKW20 biofilm treated with AMX with only differences in the 
lower value of P=O and amide III which is related to less bacterial cell material 
(growth) on the disc. 
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Table 4. Integration of average spectra from bands area of proteins and carbohydrates 
regions from 1790 cm-1 to 950 cm-1 for two H. influenzae strains (a) NTHi A1 biofilm and (b) 
RdKW20 biofilm before and after treatment of AMX on developing biofilm with sub-MIC 
antibiotics, or treatment of mature biofilm (48 h) with the MIC of antibiotics (MIC).  
 control AMX CTX CIP AZM 
Protein and 
carbohydrate 
regions 
24 h  48 h sub-
MIC 
MIC sub-
MIC 
MIC sub-
MIC 
MIC sub-
MIC 
MIC 
(a) NTHi A1 
biofilm 
8.43 11.1 9.6 8.22 3.34 13.2 1.12 8. 2 3.48 8.12 
(b) RdKW20 
biofilm 
4.52 3.36 0.46 12.6 3.69 10.1 4.88 5.53 3.49 1.92 
 
To compare the degree of biofilm formation between the two strains with two AMX 
treatments, a marker for the changes in the biochemical composition was used. This 
was the integration of the spectra over the 1790 cm-1 to 950 cm-1 region, as illustrated 
in Table 4. The analysis of this region was demonstrated previously by Holman et al. 
(2009) for changes that occur in E. coli biofilm after addition of some agents and was 
considered as a marker for biofilm changes within this region 1790 cm-1 to  950 cm-1. 
 
There was no major difference in the NTHi A1 biofilm integration value, shown in 
Table 4a for AMX for both developing biofilm with sub-MIC and mature biofilm with 
MIC compared to the control. However, the developing biofilm with sub-MIC for CIP 
(1.12), AZM (3.48) and CTX (3.34) showed very low integration values compared to 
the untreated biofilm after 24 h (8.43). Compared to untreated 48 h biofilm, there was 
only the mature biofilm treated with the MIC of CTX that showed higher integration 
values (13.2) than 48 h biofilm (11.1). The other antibiotics showed lower integration 
values of the mature biofilm when treated with MIC. These results confirm that NTHi 
A1 treated with AMX shows some biofilm growth even though NTHi A1 shows 
resistance to AMX. 
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 Sub-MIC antibiotic treatment of developing RdKW20 biofilm resulted in integration 
values that were similar to control values, except in the case of AMX. AMX treatment 
substantially reduced the integration value to 0.46 compared with control, 4.52 which 
means that RdKW20 is not enhanced by AMX in sub-MIC of AMX or other 
antibiotics.  
 
Treatment of mature biofilm with the MIC of AMX and CTX resulted in higher 
integration values (12.4 and 10.1 respectively) than control (3.36). Similarly, 
treatment with CIP increased the integration value to a lesser degree (5.53) but 
treatment with AZM decreased the integration value (1.92). These results were also 
confirmed previously in Fig. 2 and Table 1 and 2 in which RdKW20 mature biofilm 
was enhanced with MIC of AMX. 
 
In Chapter 4, a crystal violet assay was used to assess the NTHi isolate’s ability to 
form biofilm in presence of the MIC and sub-MIC level of antibiotics. A significant 
increase of the biofilm material was demonstrated in AMX through the staining of 
biofilm formed inside the wells as shown in Chapter 4 (Fig. 5b). It is clear that crystal 
violet staining of biofilm material provides a semi-quantitative assessment for the 
biomaterial as it stains all biofilm material without discrimination between differences 
in specific chemical components. 
 
AMX treated biofilm may have some mechanism to induce biofilm formation even 
with the evidence of cell lysis. FTIR spectral integral and ratios of the bacterial 
biofilm chemical can identify changes in composition and distribution of protein and 
carbohydrate contents after the biofilm treated with antibiotics, and may lead to better 
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understanding of biofilm development. Previously in some of the β-lactam antibiotics 
studies with NTHi biofilms it was confirmed that biofilm mass increases when NTHi 
bacterial cells were exposed to subinhibitory concentrations (Wu et al., 2014). In this 
Chapter, NTHi biofilms demonstrate an increase of biofilm after the addition of sub-
MIC to initial inoculum which is the isolate that showed resistance to AMX according 
to the breakpoint of MIC obtained in Chapter 4 (section 4.3.1). It also forms more 
biofilm from existing biofilm after addition of a MIC of cefotaxime in which the 
NTHi isolate is shown to be sensitive (Table 1 in section 4.3.1).  
 
To summarise the results of these average spectral acquisition of the treated NTHi A1 
biofilm and RdKW20 biofilm, NTHi A1 with sub-MIC (12.5% MIC) of AMX 
substantially increased biofilm growth as indicated by high integration values for new 
biofilm formation. Formation of biofilm material after exposure to sub-MIC levels of 
AMX demonstrated increases in biofilm density across the whole CaF2 image.  Other 
antibiotics had no effect, including the other β-lactam cefotaxime. MIC on existing 
biofilm (24 h incubated biofilm) integration bands showed cefotaxime substantially 
increased biofilm when added on 24 h biofilm. Other antibiotics had no effect.  
There may be a gradient of antibiotic concentration across the biofilm, such that even 
when the cell/biofilm system is exposed to inhibitory concentrations of antibiotic. 
Many of the cells will only experience exposure to sub-inhibitory concentrations. This 
type of exposure might favour adaptive stress responses where the bacterial 
population undergoes changes in metabolic activity to minimise the effect of the 
antibiotic. For example, this might be the induction of a mucoid phenotype and the 
generation of additional biofilm matrix components. Alternatively, the response may 
not be beneficial to the bacterial population, but may be a negative effect on 
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metabolism such as protein synthesis inhibition with antibiotics such as the 
macrolides. Stress response gene induction in biofilm cells can antagonise the effect 
of antibiotics and may regulate interacting signals in some enzymes that contribute to 
protein synthesis or regulation of membrane permeability (Fux, et al, 2005). 
Observation of the effect of these antibiotics on NTHi biofilm on inducing or 
decreasing biofilm material such as protein to carbohydrate ratio would offer option to 
overcome tolerance.  
 
For RdKW20 sub-MIC (20% MIC) antibiotics did not increase integration values for 
newly formed biofilm. With MIC on existing biofilm, both β-lactams substantially 
increased biofilm integration values when added to 24 h biofilm. In a previous 
examination (Chapter 4) of antibiotics’ treatment effects on NTHi biofilm using a 
crystal violet staining assay, AMX treated biofilm demonstrated a potential increase 
of biofilm growth (P<0.05) due to AMX exposure of new and established biofilms. 
 
While the summarised spectral integration values, shown in Tables 1, 2 and 4, give an 
indication of quantitative differences within the chemical groups, these quantitative 
values do not provide detailed information of the chemical differences of the biofilm 
between the different treatments and untreated biofilms in terms of the spatial 
distribution of the functional groups. For this, the samples were also investigated 
using microscopic IR mapping. Further investigation with other complementary 
technique may be required. 
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6.3.2 Analysis of 2D hyperspectral data 
6.3.2.1 Hyperspectral data analysis for NTHi A1 biofilm 
Further investigations were conducted on the spatial distribution of the chemical 
spectral bands for the 2D IR hyperspectral images of AMX treated biofilm. 
Integration of the bands for amide I and carbohydrate were obtained for NTHi A1 
treated with sub-MIC of AMX, and these are presented in Fig. 3. FTIR hyperspectral 
images in Fig. 3a from the NTHi A1 biofilm formed after exposure of sub-MIC of 
AMX showed amide I integration values ranging from 0.86 to 7.8. Carbohydrate 
integration values in Fig. 3b were from 0.04 to 2.24. These two hyperspectral 
integration images show a similarity in terms of the visual distribution of these 
chemical features. Compared to the untreated 24 h biofilm from Chapter 5 (section 
5.3.2), the integration values for amide I and carbohydrate bands was lower than the 
treated biofilm with sub-MIC of AMX. 
 
 
	
Figure 3. False colour map of hyperspectral data of NTHi A1 biofilm treated with sub-MIC of 
AMX during development showing (a) amide I integration (b) carbohydrate integration.  
	
	
	
	
(a) (b) 
1 mm 1 mm 
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Figure 4. (a) CH stretching/amide I ratio for the NTHi A1 biofilm grown after sub-MIC level of 
AMX. (b) carbohydrate to amide I ratio for the NTHi A1 biofilm producer grown after sub-MIC 
level of AMX. 
 
The distribution of the ratio of CH stretching to amide I in Fig. 4a ranged between 
1.42 to 0.456 and for carbohydrate to amide I ranged between 1.83 to 0.373. These 
two ratios seem mostly similar in terms of the intensity values and the visual 
distribution of the chemical feature. The regions of high amide values in Fig. 3a are 
also the areas where comparatively more amide compared to CH stretching in Fig. 4a. 
This means when there is an increase in biofilm production, comparatively more 
amide presence than CH.  
 
In the presence of MIC of AMX, the FTIR hyperspectral imaging analysis using the 
amide I integration Fig. 5a shows that the amide I increased over the biofilm region 
range that was mapped by FTIR. The most intense level of amide I absorption was 
23.7 which is much higher than the maximum amide I integration of the control 
(1.88). The carbohydrate band integration heat map in Fig. 5b.  shows an increased 
value of intensity which is a 10x difference in maximum intensity from 0.31 to 5.7.  
 
(a) (b) 
1 mm 1 mm 
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Figure 5. False colour map of hyperspectral data of NTHi A1 biofilm after treatment of 
established biofilm with MIC of AMX showing (a) amide I integration and (b) carbohydrate 
integration. 
 
 
 
Figure 6. (a) CH stretching/amide I ratio for NTHi A1 biofilm producer isolate MIC of AMX on 
established biofilm; (b) carbohydrate/amide I ratio hyperspectral data for NTHi A1 isolate after 
applying MIC of AMX on established biofilm.  
	
Specifically, with CH stretching to amide I and carbohydrate to amide I ratios, Fig. 6a 
and b illustrate the variations within these regions despite the increase of the biofilm 
thickness. The CH stretching to amide I ratio ranged from 0.345 to 0.881 within a 2 
mm area. The carbohydrate to amide I ratio showed an intensity range from 0.18 to 
0.59 for the biofilm growth surface after addition MIC of AMX. The visual chemical 
features of high intensity shown by the red colour in Fig. 5 have different spatial 
distribution patterns than the ratio images in Fig. 6. These ratios illustrate the 
variability of the chemical component distribution, which may be due to the 
(a) (b) 
(a) 
1 mm 1 mm 
1 mm 1 mm 
(b) 
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disruption of AMX on the biofilm formation process as the MIC is added onto 
biofilm. These hyperspectral integration and ratio images for mature biofilm with 
MIC are quantitatively different compared to developing biofilm after sub-MIC.  The 
increase of amide I in MIC treated biofilm integration values and ratios are shown 
mostly as the main difference between sub-MIC and MIC. 
 
The analysis of the treated NTHi A1 biofilm reveals that the bacterial cells exposed to 
MIC of AMX developed a thicker and more homogeneous biofilm. The results from 
the analysis of the integration of the amide I and carbohydrate bands for sub-MIC and 
MIC of AMX show an increase of the amide I integration compared to untreated 
biofilm which implies that these biofilms contain a larger protein component. The 
ratio between carbohydrate to amide I has no significant difference in treated NTHi 
A1 biofilm with sub-MIC over the area of biofilm, however, this ratio image for MIC 
treated biofilm shows a decreased value. The MIC treated biofilm illustrate that 
carbohydrate bands become less dominant in biofilm chemical component in relation 
to amide I (in protein profile). 
 
6.3.2.2 Multivariate analysis of NTHi A1 biofilm hyperspectral data 
6.3.2.2.1 Hierarchical cluster analysis for NTHi A1 biofilm 
Cluster analysis was performed on pre-processed hyperspectral data similar to the 
cluster analysis performed in Chapter 5 (section 5.3.3). The cluster analysis of the 
sub-MIC treatment of the NTHi A1 with AMX shows the dendrogram in Fig. 7 with 
less distance between the cluster group similarity (two main clusters separated at 2.5 
distance unit of similarity). These two main cluster groups divided into two other 
main groups of less than 1 distance unit. This means that the features that separated 
the groups have a high degree of similarity and no major distinguished feature 
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recognised by this dendrogram. Depending on the dendrogram, five clusters represent 
the main separation distances and show lack of any pattern. However, three clusters 
are distributed over the map as small shapes on the bottom half of the image. The 
average spectra displayed as 2nd derivatives for each cluster showed a high degree of 
matching spectral features to each other. It was difficult to identify a spectral feature 
of peak differentiation over these average spectra. 
 
On the other hand, the cluster analysis for NTHi A1 with MIC of AMX shows two 
large distinct clusters in the dendrogram in Fig. 8b, separated subsequently into three 
main groups divided at 200 distance unit to two major groups and subdivided into 
further groups starting at 140 distance unit. The two large clusters in the images in 
Fig. 8a are divided into three subdivisions which is illustrated by the colours dark 
blue, red and white. The region of the large dark blue cluster is describing the same 
high carbohydrate to lipids ratio as in Fig. 6. The average spectra of the 2nd derivative 
for the four clusters are shown in Fig. 8c. and show that the main differences between 
the clusters was within carbohydrate bands (1163 cm-1 and 1105 cm-1) and a minor 
decrease in intensity at amide I and II peaks. The difference in carbohydrate bands 
suggests that these two distinct areas in the biofilm have some inconsistency in 
carbohydrate components and the area with lower carbohydrate is dominated by 
amide I and amide II. This may indicate that in this NTHi biofilm treated with MIC of 
AMX is dominated specifically by amide I ,II and carbohydrate bands namely 
glycogen (Quilès and Humbert, 2014). 
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(c) 
 
Figure 7. Cluster analysis of the 2nd derivatives and vector normalisation of NTHi A1 biofilm 
grown after sub-MIC level of AMX. a false colour map (a) showing the spatial distribution of 
clusters generated from the unsupervised analysis of the pre-processed biofilm hyperspectral 
data; (b) dendrogram clusters formed by the unsupervised analysis of the pre-processed 
hyperspectral data and (c) average of 2nd derivative for each cluster. 
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(c) 
 
Figure 8. Cluster analysis of the 2nd derivatives and vector normalised IR hyperspectral data 
of the NTHi A1 biofilm from MIC for AMX. A false colour map (a) showing the spatial 
distribution of clusters; (b) dendrogram clusters formed by the unsupervised analysis of the 
pre-processed biofilm hyperspectral image and (c) average of 2nd derivative for each cluster. 
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6.3.2.2.2 PCA analysis for NTHi A1 biofilm hyperspectral image 
A false colour map of the scores from the PCA analysis of the hyperspectral data of 
the NTHi A1 biofilm treated with sub-MIC of AMX is shown in Fig. 9. The score plot 
of this PC shows that the main variation of the spectra are in the high intensity area of 
the same region with amide I and carbohydrate which have the highest integration 
value as seen in Fig. 3. This PC score plot show differentiated colour based on 
variation within amide I and carbohydrate spectra. 
 
 	
	
	
Figure 9. PCA for NTHi A1 biofilm formation after sub-MIC of AMX. (a) PC1 (b) PC2 of the 
analysis and (c) loading graph for the PC1 and PC2. 
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These features that are illustrated in PC2 are shown in the carbohydrate and amide I 
integration (Fig. 3a & b) with the integration value of 0.3 which means that 
carbohydrate is less dominant in this area in relation to amide I. The loading graph in 
for PC1 and PC2 in Fig. 9c shows slight peak differences from 1704 cm-1to 1693 cm-1 
and from 1662 cm-1 to 1670 cm-1 in the amide I band region. In the amide II region 
there is another slight difference in 1591 cm-1 to 1577 cm-1 and difference in the 
intensity of the peaks at amide III and P=O region from 1309 cm-1 and 1295 cm-1. The 
carbohydrate regions show slight differences in the intensity which appear in the 
peaks 1118 cm-1 and 1049 cm-1. 
 
PC4 for the NTHi A1 biofilm treated with MIC of AMX in Fig. 10 shows the main 
chemical variance in the hyperspectral data. The scores plot of this PC shows the 
spatial distribution of the spectral variation with different intensity colours based on 
PC which is mostly within amide I and carbohydrate spectra. However, the scores plot 
of PC 7 highlights different areas which were lower and displayed in blue colour. The 
loading graph in Fig. 10. c shows slight peak differences from PC4 and PC7 at 1680 
cm-1 to 1683 cm-1 and from 1637 cm-1 to 1600 cm-1 in the amide I bands region. In 
amide II region there was a difference in the intensity from 1409 cm-1 to 1400 cm-1. 
The carbohydrate region show slight peak shift which appears in the peaks 1087 cm-1 
to 1064 cm-1 and 1062 cm-1. 
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(c)  
	
Figure 10. PCA Scores plot of PC4 (a) and PC7 (b)  of NTHi A1 with MIC of AMX.; (c) loading 
graph of PC4 and PC7 for high biofilm isolate with AMX-MIC. 
 
The integration values for the amide I, II and carbohydrate bands specifically increase 
in sub-MIC treated with AMX. This may suggest that the biofilm is formed after 
incubation with AMX which influences the bacterial cell protein content secreted and 
distributed over the CaF2 disc. The biofilms stimulated in the mature biofilm (existing 
biofilm) after addition of MIC, had a different spatial distribution of the protein 
profile (amide I) than other macromolecules especially carbohydrate.  
 
Considering all data from the results of the individual average spectra and results from 
hyperspectral integration and ratio images from section 3.2, this data contradicted the 
findings by Wu et al. (2014) who found that carbohydrate content is up-regulated and 
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protein down-regulated in response to β-lactams at subinhibitory concentrations (Wu 
et al., 2014).	Protein content in the biofilm was previously thought in another study to 
exist in a high ratio due to lysed cells that are secreted by the sessile cells which are 
adhered onto biofilm matrices (Hoffman and Decho, 1999). Past studies of biofilm 
FTIR spectra considered the high intensity of amide II as a marker for biofilm 
biomass which is formed in the early stages of biofilm (≈3h) (Humbert et al., 2011). 
This observation could not be confirmed in this current study as the biofilm examined 
here was incubated and analysed after 24h incubation. 
 
Applying the MIC level of AMX may have some impact on the cellular behaviour and 
lead to the formation of more sessile cells. The main variability between treated and 
untreated NTHi A1 is illustrated by the higher amide I and II to carbohydrate band 
ratio. In this work, AMX treated biofilm has been analysed which may have some 
mechanism to induce biofilm formation even with some evidence of cell lysis. 
Carbohydrates are thought to be one of the main chemical components for the biofilm 
EPS and the spectral bands of this region may be considered as a marker for biofilm 
changes formed from other bacterial species (Bosch et al., 2006, Serra et al., 2007). 
Paradoxically, up-regulated carbohydrate production in biofilm was suggested to 
occur after exposure to antibiotics such as β-lactam (Wu et al., 2014). The analysis of 
the hyperspectral data for NTHi A1 biofilm treated with AMX in the current Chapter 
indicates that excess of protein is higher than carbohydrate. Sub-inhibitory 
concentration (sub-MIC) and MIC level of AMX have different effects on the NTHi 
biofilm formed on the CaF2 by examining the ratio of integrated bands and PCA 
analysis of the extracted spectra from hyperspectral data. It also may be an indication 
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of the production of various types of protein at different concentrations of AMX 
treatment. 
 
In this Chapter, only AMX treated samples were selected for the analysis of the 
hyperspectral data because it is the first choice drug treatment for NTHi infection 
(Hoberman et al., 2011, Tristram et al., 2007) and can have a clinical impact if there 
is resistance or an antibiotic tolerant biofilm developed to this β-lactam antibiotic 
(Hall-Stoodley et al., 2006). Although NTHi A1 and RdKW20 have demonstrated a 
high sensitivity to cefotaxime, it is not necessarily considered to be first-line agent 
and it is only recommended for failure of other β-lactam antibiotics treatment for 
injection of inpatients (Tristram et al., 2007). For this reason, the analysis here 
focused only on AMX despite the significance of changes on biofilm after CTX. 
 
The NTHi A1 isolate used in the current study had previously been characterised as 
possessing a β-lactamase negative ampicillin resistant (BLNAR) mechanism of 
resistance. This mechanism is brought about by an N526K amino acid substitution in 
penicillin binding protein 3 (PBP3) which is the primary target for β-lactams 
(Tristram et al., 2007). There is no information yet if this protein alteration (N526K) 
and (BLNR) mechanism of resistance to AMX along with other bacterial proteins 
such as P5 and Haemophilus adherence and penetration (Hap) (Webster et al., 2006) 
could be involved in biofilm formation induction. The protein profiles differences that 
are illustrated in the FTIR spectral integration ratio of amide I to carbohydrate ratio 
and in PCA and HCA multivariate analysis of hyperspectral data in this chapter may 
suggest some induction of some bacterial proteins mechanisms of AMX on biofilm 
formation. This relationship between the AMX (may be other β-lactams) inducing the 
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biofilm formation and protein profile in biofilm chemical components needs further 
investigation. 
 
6.3.2.3 Hyperspectral image analysis for RdKW20 biofilm 
A false colour map of the integration values for the amide I band in Fig. 11 shows 
range from 1.69 to 3.87, and the carbohydrate band, ranging from 0.375 to 1.06, for 
the isolate of RdKW20 mature biofilm treated with MIC of AMX. After the addition 
of MIC of AMX the treated biofilm exhibited a high coverage of biofilm material 
with lower variation of the amide I (dominated by protein profile) and carbohydrate 
bands within the biofilm area compared to control.  
 
The integration ratio of the spectral bands showed some differences attributed to the 
amide I and carbohydrate in Fig. 12. However, variations across the measured area 
seemed to be minor CH stretching/amide I ratios differences, ranging between 0.28 to 
0.31 whereas the ratio of carbohydrate to amide I ranged between 0.21 to 0.33. These 
ratio plots were both shown to be very consistent in terms of the intensity value range 
and the similarity of the distributed chemical features with high intensity red in 
colour. 
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Figure 11. False colour map of hyperspectral data of RdKW20 biofilm after treatment with 
MIC AMX; (a) amide I integration and (b) carbohydrate integration. 
 
  
Figure 12. False colour map of hyperspectral data of RdKW20 biofilm after treatment with 
MIC AMX; (a) CH stretching/ amide I ratio for the low biofilm producer after with MIC AMX 
and (b) carbohydrate/ amide I ratio for the low biofilm producer biofilm after treatment with 
MIC AMX.  
 
The treated biofilm exhibited a high coverage of biofilm material after addition of 
MIC of AMX unlike the untreated RdKW20 biofilm. However, there seemed to be a 
lower variation of the amide I (dominated by the protein profile) and carbohydrate 
bands across the analysed sample area as well as no significant variability of the 
integration ratio between the CH stretching and amide I bands, and the carbohydrate 
to amide I bands. These findings may suggest that bacterial cells were influenced by 
AMX to produce biofilm material with a minor impact on specific functional groups 
(a) (b) 
(a) (b) 
1 mm 1 mm 
1 mm 
1 mm 
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such as carbohydrate bands, which were confirmed in other study to be influenced by 
AMX (Wu. et al. 2014). 
	
6.3.2.3.1 Multivariate analysis for NTHi A1 biofilm hyperspectral data 
6.3.2.3.1.2 	Hierarchical cluster analysis for RdKW20 biofilm	
The Cluster analysis of the hyperspectral data for the RdKW20 biofilm that was 
treated with MIC for AMX is illustrated in Fig. 13. The dendrogram shows separation 
of two main groups at 27 distance units then subdivision into further subgroups at 12 
and 9 distance units. The cluster maps were constructed using three main group 
clusters. Clusters seem to mix randomly as the cluster in red colour showed no 
spectral differences to the other cluster in green colour. This difference had no impact 
on the spatial distribution of the biofilm within this 2 mm area. The average spectra 
for these clusters showed low degrees of spectral difference even in the dendrogram 
where 27 units of separation would suggest that there is a large difference. There is a 
small degree of variation between intensities at the bands from 1150 cm-1to 1050 cm-1 
which is the area attributed to IR bands for phospholipids and C-O-C, C-O dominated 
by ring vibrations in various polysaccharides for bacterial cells (Davis, 2010).  
 
From the multivariate analysis for RdKW20 biofilm, HCA illustrates clusters were 
randomly mixed between the subgroups in Fig. 13 within the second cluster which 
may indicated how the chemical functional groups overlapped. The inability to 
demonstrate specific clusters for each functional group within a specific area and no 
characteristic IR peaks is indicative of how homogeneous in a spatial sense this 
biofilm has grown.  
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RdKW20 isolate did not produce enough biofilm material when the sub-MIC level of 
AMX were introduced to the inoculum thus the signal to noise quality of IR 
hyperspectral data was not sufficient to perform further analysis. 
 
	
c)	
	
Figure 13. (a) False colour map showing 4 clusters formed by the hierarchical cluster 
analysis of pre-processed spectral data of the biofilm formed by RdKW 20 biofilm exposed to 
MIC of AMX; (b) dendrogram clusters formed by the unsupervised analysis of the pre-
processed biofilm spectral image formed by a low biofilm producer exposed to MIC of AMX 
and (c) average of 2nd derivative for each cluster. 
 
6.3.2.3.1.2 PCA analysis for RdKW20 biofilm hyperspectral image 
The score plot in Fig. 14 shows PC2 and PC7 obtained after the PCA analysis of pre-
processed spectral data for the RdKW20 biofilm treated with MIC of AMX. PC2 
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shows the main spectral variability which here is mostly based on the spectral region 
of amide I and carbohydrate. 
 
 	 	
(c) 
	
Figure 14. PCA of the RdKW 20 biofilm (a) PC2 and (b) PC7 from PCA unsupervised 
analysis of the pre-processed of the biofilm spectral image formed by RdKW20 biofilm 
exposed to MIC of AMX. (c) PC1 and PC7 loading graph. 
 
The intensity features that are illustrated in PC2 (red colour) are the same areas in Fig. 
12 that described the carbohydrate to amide I integration ratio with values from 0.22 
to 0.25. It may mean that this area is dominated by carbohydrates. However, in Fig. 
14, PC7 shows lower score values (blue colour) for the same area with high intensity 
in PC2.  The loading graphs in Fig. 14c shows differences in the intensity between the 
two PCs from 1699 cm-1 to 1691 cm-1 and from 1662 cm-1 to 1670 cm-1 in amide I 
bands region. In amide II region there is another slight peak shift from 1587 cm-1 to 
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1583 cm-1 and strong peak shift at amide III and P=O region from 1309 cm-1 and 1297 
cm-1. The carbohydrate region showed peak shift which appeared in two peaks; one 
from 1143 cm-1 and 1118 cm-1 and from 1093 cm-1 to 1078 cm-1. The later peak shift 
presents the main variable between treated and untreated biofilm which strongly 
suggests variability in glycogen component over the selected biofilm area. 
 
6.3.2.4 Analysis of the extracted spectra from hyperspectral image 
From the hyperspectral data, 10 individual spectra with the region from 1795 cm-1 to 
950 cm-1 were randomly extracted for both NTHi A1 treated by AMX, at sub-MIC 
and MIC and RdW20 treated by AMX at MIC. Along with these 10 spectra that were 
extracted from these three hyperspectral images along with 10 spectra extracted 
previously from both untreated NTHi A1 biofilm and RdKW20 biofilm in Chapter 5 
(section 5.3.2). The aim for this analysis was to have an investigation of the spectral 
differences between treated and untreated biofilm. The same pre-processing technique 
performed in Chapter 5 (section 5.3.2) was used for the spectra extracted here.  
 
The random selection of the spectra of the treated samples does not take into account 
the coverage of biofilm into account. Another hypothesis that needed investigation 
was that antibiotics may have a low impact on discriminating the treated biofilm from 
untreated biofilm compared to the chemical variation that appear inter-strains (NTHi 
A1 and RdKW20 biofilm).  
 
A 2D score plots of three different PCs from the PCA analysis shown in Fig. 15. PC1 
shows that spectra from untreated NTHi A1, RdKW 20 biofilm with MIC and treated 
NTHi A1 biofilm are grouped together. The treated NTHi A1 with sub-MIC and 
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RdKW20 treated with MIC are hardly clustered in PC1 dimension. However, by 
looking at PC2 dimension plots, it is difficult to see any clusters that differentiate 
untreated biofilm from both isolates to treated biofilm and it appears the clusters for 
each category were internal. PC2 may cluster internal chemical features within each 
isolate and differentiate it within the spots selected and does not discriminate the 
isolates from each other. PC3 show the major discrimination between RdKW20 
biofilm, both treated and untreated, and NTHi A1 biofilm, of treated and untreated.  
 
The loading graph for PC1 is displayed in blue in Fig. 16 and shows specific peak 
from the spectra selected from untreated and treated biofilm. Protein region variable 
intensity is present in amide I at 1703 cm-1 and in 1657 cm-1 peaks. There is also a 
peaks highlighted in the amide I bands at 1637 cm-1 and 1622 cm-1. There are some 
differences observed in amide II with peak intensity differences at 1547 cm-1, 1516 
cm-1, 1479 cm-1 and 1470 cm-1. The results may indicate changing of secondary 
structure of proteins towards α-helix and β-pleated sheet between these different 
treated and untreated biofilms. Protein differences may indicate the development of 
biofilm in NTHi A1 which has been reported previously to be related to alterations of 
bacterial protein in response to surface growth (Quilès and Humbert, 2014). These 
variations of biofilm growth may be related to the biofilm response to treatment with 
AMX. 
 
The carbohydrate regions do not seem to play a significant role for PC1 as the loading 
graph displays low values here. There is some variance demonstrated in lipid band 
area of the methylene groups of CH stretching bands (3000-2830 cm-1) in PC1 and 
PC3 but not with PC2.  
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Figure 15. Score plotting of the PCA; (a) PC1 vs PC2 and (b) PC1 vs PC3 from PCA analysis 
of the spectral pre-processed data from the extracted spectra from areas of untreated NTHi 
A1 and RdW20 biofilm, and treated biofilm at MIC and sub-MIC AMX. 
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Figure 16. Loading graphs of 2nd derivatives of PC1 (blue), PC2 (red) and PC3 (green) from 
the spectra selected from areas of untreated NTHi A1 and RdW20 biofilm and treated biofilm 
at MIC and sub-MIC AMX.  
	
The loading graph for PC3, displayed in green in Fig. 16, shows the significance of 
the protein region for this PC in amide I at 1699 cm-1, 1653 cm-1,1632 cm-1 peaks. In 
amide II peaks, there are some differences observed at 1552 cm-1 and 1468 cm-1. 
These differences in biofilm protein profile may be also related to the biofilm 
response to treatment with AMX. In this PC loading graph, another spectral feature 
appears in the carbohydrate band which was not seen in the PC1 loading graph. Two 
peaks demonstrated by PC2 at 1063 cm-1 and PC3 at 1093 cm-1.  
	
NTHi A1 treated with AMX at MIC illustrated distinctive chemical features and 
cluster as one group. The corresponding loading graph shows that the main areas of 
variability between the cluster groups are in the protein profile. However, PC3 shows 
further discrimination at the carbohydrate band. This PC may be the only one to show 
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individual clustering of each group. The loading graphs of this PCA were examined to 
determine the spectral features as a guide for discrimination of FTIR spectra that were 
extracted from the hyperspectral images of AMX induced biofilm and untreated 
samples. This PCA analysis also revealed that biofilms treated at sub-MIC with AMX 
have different chemical features than biofilms treated at MIC with AMX. 
 
6.4 Conclusion 
FTIR spectroscopy methods used in this study show differences in the NTHi A1 
biofilm biomass and RdKW20 biofilm after treatment with antibiotics at two different 
concentrations. FTIR hyperspectral images were investigated and used for studying 
the chemical impact of antibacterial treatments on bacterial cells and tendency 
behaviour to form more biofilm mass for NTHi. FTIR microspectroscopy results 
demonstrated an increase in the protein profile in relation to carbohydrates of NTHi 
A1 after exposure to a MIC of AMX. From the FTIR microspectroscopy data 
analysis, the outcomes show a high accuracy and sensitivity to detect specific 
chemical compositions which may play a major role in development of NTHi biofilm. 
These results support the view that analysis using FTIR hyperspectral imaging with 
multivariate analysis of the bacterial biofilm can identify changes in composition and 
distribution of protein and carbohydrate contents after the biofilm treated with 
antibiotics, and may lead to better understanding of biofilm treatment. 
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7.1 General conclusion 
This study has confirmed production of biofilm material inside the wells of microtitre 
plates (MTP) and demonstrated the variability of NTHi biofilm formation in vitro. 
Although MTP based measurement of in vitro biofilm formation is common for 
NTHi, little has been previously described about the analytical performance of the 
MTP method. Using an overnight broth culture as the basis for inoculation of the 
MTP, standardisation to a pre-determined absorbance does not increase precision 
compared to standardisation to a pre-determined dilution. However, the use of a 
suspension of growth from solid agar was shown to decrease precision. The use of 
BF/FG, where the biofilm measurement was normalised to the final amount of growth 
in the MTP did not increase precision compared to using BF as a standalone outcome 
measure. Storage of isolates at -80oC for up to 12 months did not significantly alter 
the ability of isolates to produce biofilm in vitro, and this is an important finding 
given the frequency in which stored isolate collections are used for retrospective 
phenotypic studies, including biofilm production. 
 
When this MTP assay was applied to a collection of clinical NTHi isolates from 
various body sites and collection of both NTHi and H. haemolyticus (non-pathogenic) 
from the nasopharynx of non-diseased individuals, significant variation in the ability 
to form biofilm was seen in isolates within all groups. However, there was no 
difference in the ability to form biofilm across groups, with the exception of “eye” 
isolates, which were uniformly low biofilm producers. The mechanism was not 
further investigated, but deserves further study. This was the first study that has 
examined and compared the biofilm formation of pathogenic and non-pathogenic 
Haemophilus isolates including NTHi and H. heamolyticus. 
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The formation of biofilm by a high biofilm producing NTHi isolate tested along with 
a low biofilm producer RdKW20 after addition of various antibiotic agents showed 
that the MTP assay with standardisation of the inoculum can be used to test the 
influence of antibiotics at two different concentrations (sub-MIC and MIC). This 
study illustrated that existing NTHi biofilm production can be enhanced by 
amoxicillin at MIC to form biofilm with the NTHi strain which initially showed high 
biofilm production and resistance to amoxicillin. Whereas other classes of antibiotics 
tended to decrease biofilm production. This indicates that biofilm production may be 
related to antibiotic resistance. This study also showed that sub-MIC of amoxicillin 
influenced biofilm formation for RdKW20 and confirmed more biofilm material was 
produced in vitro despite the sensitivity of this isolate to amoxicillin. This suggests 
that RdKW20 may develop resistance to amoxicillin and produce biofilm.  
 
IR spectra of biofilm were recorded for the NTHi and RdKW20 biofilm isolates. 
These data add to the growing literature demonstrating the abilities of FTIR 
microspectroscopy for biofilm research. The chemical information obtained from 
spectra  distinguished between high and low biofilm from one individual spectral 
acquisition and spectral integration over the region from the wavenumbers 1790 cm-1 
to 950 cm-1. These spectral data acquisition procedures can give a direct quantitative 
measure of overall biofilm production. Chemical ratios between protein profiles to 
carbohydrate were also obtained for the individual spectra of biofilm and from 
hyperspectral data which showed an increase in amide I which may indicate the 
contribution of some cellular protein structures present in biofilm.  
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Multivariate analysis of the hyperspectral data performed in this study demonstrated 
that this is a suitable and promising approach to discriminate between chemical 
changes that occur within biofilm. Principal component analysis (PCA) showed 
chemical differences specifically in the area of NTHi biofilm with different thickness 
and distinguished between the biofilms. This analysis showed that the thick biofilm 
was chemically distinct from the thin biofilm, with most of the difference relating to 
the amide I and II region. 
 
The hyperspectral data of NTHi treated with MIC and sub-MIC of amoxicillin 
presented here have confirmed a finding from the previous staining assay that 
amoxicillin substantially increased NTHi biofilm growth as indicated by the high 
integration value for new and established biofilm formation. For RdKW20, IR 
integration value showed that amoxicillin enhanced the formation of biofilm only 
when applied to established biofilm at the MIC.  
 
Even with the resistance to amoxicillin that was evident in the NTHi isolate, our study 
showed that amoxicillin at certain concentrations can specifically increase biofilm 
material as well as the protein profiles in relation to carbohydrate content and lipid in 
new and mature biofilm formed by NTHi. These results were determined by 
examining the ratio of integrated bands and PCA analysis of the extracted spectra 
from hyperspectral data. The production of various type of protein at different 
concentrations of amoxicillin may be related to amoxicillin resistance mechanisms by 
this NTHi isolate. This study showed that NTHi isolates produced variable amounts of 
biofilm as demonstrated both by chemical staining of the whole biofilm material and 
FTIR spectroscopy investigation of chemical components over an area of 2 mm. FTIR 
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spectroscopy has approved to be a powerful tool to analyse both chemical differences 
in a small area within the biofilm and between biofilms that are treated with 
antibiotics and untreated biofilm. FTIR offers significant potential as a tool to further 
elucidate biofilm production mechanisms. 
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Appendix 
Isolate ID  Mean of  
biofilm formation 
    ±SD 
 Eye isolates  
1 Ci2 0.12 ±0.07 
2 Ci5 0.14 ±0.02 
3 Ci29 0.27 ±0.14 
4 Ci51 0.04 ±0.08 
5 Ci 113 0.32 ±0.09 
6 ci 130 0.29 ±0.08 
7 Ci 126 0.21 ±0.07 
8 J83 0.37 ±0.08 
9 J130 0.66 ±0.11 
10 ci 94 0.26 ±0.24 
 CF isolates  
11 CF 3 0.26 ±0.11 
12 CF 6 0.57 ±0.19 
13 CF10 0.53 ±0.11 
14 CF16 0.66 ±0.18 
15 CF20 0.19 ±0.10 
16 CF23 0.69 ±0.09 
17 CF 29 1.57 ±0.13 
18 CF 41 1.03 ±0.21 
19 CF 63 1.22 ±0.46 
20 CF51 0.35 ±0.12 
 Ear isolates  
21 L76 0.12 ±0.02 
22 L79 1.19 ±0.44 
23 L139 1.27 ±0.23 
24 L143 1.04 ±0.14 
25 L146 1.31 ±0.11 
26 Ci58 1.36 ±0.28 
27 Ci 121 0.88 ±0.08 
28 Ci 1 1.43 ±0.42 
29 Ci 24 0.48 ±0.09 
30 Ci 35 0.77 ±0.03 
  
LRT isolates 
 
31 Ci 3 0.86 ±0.16 
32 Ci 9 0.58 ±0.16 
33 Ci 13 0.51 ±0.11 
34 Ci 30 0.55 ±0.40 
35 Ci 23 0.04 ±0.02 
36 Ci 36 1.74 ±0.31 
37 Ci 11 0.05 ±0.01 
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38 Ci 16 1.72 ±0.09 
39 Ci 43 0.12 ±0.08 
40 Ci 50 0.16 ±0.06 
 Normal flora  
41 NF3 1.40 ±0.70 
42 NF38 0.96 ±0.09 
43 BWoct 21 1.24 ±0.36 
44  NF 7 1.20 ±0.09 
45 NF 30 0.29 ±0.05 
46 NF 37 0.25 ±0.05 
47 Bwoct 1 0.39 ±0.05 
48 Bwoct 4 0.71 ±0.47 
49 Bwoct 8 1.37 ±0.33 
50 Bwoct 11 0.92 ±0.16 
 Haemophilus haemolyticus (Hh)  
51 L4 0.02 ±0.03 
52 L7 1.76 ±0.35 
53 L23 1.49 ±0.59 
54 CF 14 0.03 ±0.02 
55 BW 1 0.06 ±0.02 
56 BW 15 0.21 ±0.07 
57 BW 20 0.06 ±0.07 
58 BW 21 0.65 ±0.17 
59 BW 5 0.04 ±0.03 
60 CF 25 0.87 ±0.09 
